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Abstract
Soil production in actively uplifting or high precipitation alpine landscapes is potentially rapid. However,
these same landscapes are also susceptible to erosion and can be sensitive to changes in climate and
anthropogenic activity which can upset the balance between soil production and erosion. The Snowy
Mountains, southeastern Australia, are a tectonically stable, low relief, moderate precipitation mountain
environment. The alpine area is extensively blanketed by soil that has been subjected to more intensive
episodes of erosion during past periods of anthropogenic disturbance and under cold climate conditions of
the late Quaternary. In this study, rates of soil development and hillslope erosion were investigated using
radiocarbon dating, fallout radionuclides and sediment cores collected from lakes and reservoirs. Estimated
Holocene soil development rates were 20-220 t/km2/y. Erosion rates determined from the radionuclides
137Cs and 210Pb were equivocal, due to the inherent spatial variability of radionuclide inventories relative to
apparent erosion rates. Estimated average erosion rates over the past 100 years, determined from 210Pbex
inventories, were 60 t/km2/y (95% CI: 10, 90). Inventories of 137Cs observed at the same site implied that
more recent erosion rates (over the past 60 years) was below the detection limits of the sampling method
applied here (i.e. /km2/y). The upper estimate of 90 t/km2/y is comparable to the mean erosion rate
estimated using the radionuclide method for uncultivated sites in Australia and is significantly lower than that
measured at sites were vegetation cover was disturbed by livestock grazing prior to its exclusion from the
alpine area in the 1940s CE. Low erosion and high soil production rates relative to the lowland soils are likely
related to extensive vegetation cover, which, in this context, protects soils against erosion and contributes to
the formation of organic alpine soils, that rapidly accumulate organic matter by comparison to other soil
types.
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Soil production in actively uplifting or high precipitation alpine landscapes is potentially rapid. 
However, these same landscapes are also susceptible to erosion and can be sensitive to changes in 
climate and anthropogenic activity which can upset the balance between soil production and 
erosion.  The Snowy Mountains, southeastern Australia, are a tectonically stable, low relief, 
moderate precipitation mountain environment. The alpine area is extensively blanketed by soil that 
has been subjected to more intensive episodes of erosion during past periods of anthropogenic 
disturbance and under cold climate conditions of the late Quaternary. In this study, rates of soil 
development and hillslope erosion were investigated using radiocarbon dating, fallout radionuclides 
and sediment cores collected from lakes and reservoirs. Estimated Holocene soil development rates 
were 20-220 t/km2/y.  Erosion rates determined from the radionuclides 137Cs and 210Pb were 
equivocal, due to the inherent spatial variability of radionuclide inventories relative to apparent 
erosion rates. Estimated average erosion rates over the past 100 years, determined from 210Pbex 
inventories, were 60 t/km2/y (95% CI:10, 90). Inventories of 137Cs observed at the same site implied 
that more recent erosion rates (over the past 60 years) was below the detection limits of the 
sampling method applied here (i.e. <70 t/km2/y). The upper estimate of 90 t/km2/y is comparable to 
the mean erosion rate estimated using the radionuclide method for uncultivated sites in Australia 
and is significantly lower than that measured at sites were vegetation cover was disturbed by 
livestock grazing prior to its exclusion from the alpine area in the 1940s CE. Low erosion and high soil 
production rates relative to the lowland soils are likely related to extensive vegetation cover which 
in this context protects soils against erosion and contributes to the formation of organic alpine soils, 
which rapidly accumulate organic matter by comparison to other soil types.  





Estimates of late Holocene soil production and erosion in the 
Snowy Mountains, Australia 
1. Introduction 
On a global scale, alpine landscapes are recognised as regions of relatively high geomorphic 
activity (Dedkov and Moszherin, 1992; Milliman and Syvitski, 1992). This has been ascribed to their  
climate, which is typically  cold and wet, tectonic activity and corresponding high elevations and 
steep slopes (high potential energy), which in combination promote rapid physical weathering, 
erosion and sediment transport (Milliman and Syvitski, 1992; Syvitski and Milliman, 2007; 
Vanmaercke et al., 2011; Walling and Webb, 1996). For example rivers draining mountain basins 
transport a disproportionately large proportion of the global sediment yield, that is, 870 t/km2/y 
compared to 115 t/km2/y for the rest of the world’s rivers (Milliman and Farnsworth, 2011). 
Especially in tectonically active mountain ranges, erosion can be so rapid as to equal or exceed the 
rate of uplift (Brozović et al., 1997; Koppes and Montgomery, 2009; Mitchell and Montgomery, 
2006).  
Despite high rates of geomorphic activity, the historical perception was that in cold mountain 
environments, rates of chemical weathering and, therefore, soil formation were low  (e.g. Peltier, 
1950). Contrary to this assumption,  rapid rates of soil production have been measured in alpine 
environments, especially in regions experiencing rapid uplift and high precipitation. For example, in 
the Southern Alps New Zealand, where rainfall may exceed 10 m/y and uplift approximates 10 
mm/y, soil production rates may reach 2.5 mm/y (Larsen et al., 2014), an order of magnitude higher 
than soil production rates measured elsewhere (Larsen et al., 2014). The potential significance of 
chemical weathering in mountain environments is further evidenced by the existence of extensive 
soil mantles in a variety of alpine settings worldwide (Dixon and Thorn, 2005; Egli et al., 2014; 




 Soils in high mountain environments have been shown to be sensitive to changes in climate and 
human activity, which alter soil production processes and may accelerate the erosion rates by 
multiple orders of magnitude (Barsch and Caine, 1984). Episodic changes in climate, vegetation 
cover, fire frequency and human disturbance are, therefore, likely to be important controls on the 
balance between soil production and erosion in some mountain environments (Hewawasam et al., 
2003; Kirchner et al., 2001; Koppes and Montgomery, 2009; Schmidt et al., 2002). 
In tectonically stable, non-glaciated, high to moderate rainfall, i.e. less than 2 m/y, alpine areas, 
such as the Snowy Mountains in south-eastern Australia, rates of soil production and erosion have 
received less attention. The Snowy Mountains have traditionally  been viewed as distinct from other 
alpine regions (Costin, 1989; Kirkpatrick, 1994). This is due to their intra-plate setting and resulting 
tectonic stability and moderate relief (slopes) (Bishop and Goldrick, 2000). In addition, they 
experienced relatively limited Pleistocene glaciation (Barrows, 2001). These characteristics have 
facilitated the development of a relatively thick soil mantle (0.6-> 1 m) over almost the entire alpine 
area (Costin, 1989). Nevertheless, the Snowy Mountains are considered to have experienced pulses 
of intensified sediment transport in response to changing climate during the late Quaternary (Costin, 
1972; Kemp and Rhodes, 2010; Ogden et al., 2001; Page et al., 2009) and as a result of  livestock 
grazing between the mid-1800s and 1940s CE (Costin et al., 1960).  
The quantification of inherently spatially and temporally variable soil production and erosion 
rates remains a major challenge within geomorphology. Measurement of hillslope erosion has been 
undertaken by a variety of methods that can be broadly categorised into: plot and survey 
approaches (e.g. Costin et al., 1960);  measurement of sediment yields by either stream gauging, or 
by measurement of the mass of sediment accumulated in geomorphic sinks, such as lakes (e.g. Neil, 
1991; Tomkins et al., 2007); erosion tracer methods using fallout radionuclides (e.g. 137Cs and 210Pb) 
(Blake et al., 2009; Loughran et al., 1988; Porto et al., 2009; Ritchie and McHenry, 1990; Walling et 




2002). These methods are each limited by the challenges of upscaling point measurements in time 
and space in relation to the representativeness of reference sites, the spatial heterogeneity of tracer 
fallout and transport and the issues of sediment storage and delivery (Chappell et al., 2011b; de 
Vente et al., 2007; Zhang et al., 2015). In addition, these methods provide data over different time 
periods, e.g. stream gauging typically provides short term data (event to decadal scale), 
radionuclides provide decadal to centennial scale data, and commonly used cosmogenic nuclides 
integrate over millennial scales. As a result, different approaches will commonly yield very different 
results (e.g. Tomkins et al., 2007; Wasson et al., 1996) that are then subject to various 
interpretations. 
The objective of this study is to quantify soil development and erosion rates in a tectonically 
stable, currently non-glaciated mountain environment and to advance the understanding of the 
relative controls that changing climate and anthropogenic activities place on landscape stability and 
sediment budgets. In doing so the likely age of these soils is discussed, which in this setting is likely 
to be constrained by glaciation and/or periglacial processes to at least <11-16 ka (Barrows, et al., 
2001, Costin, 1972). This study employs multiple methods to attempt to quantify rates of soil 
development, hillslope erosion and sediment transport. Hillslope erosion rates are investigated using 
fallout radionuclides (137Cs and 210Pbex) and by calculating sediment mass accumulation rates in 
alpine lakes and reservoirs. Soil development rates are examined using geomorphic and 
paleoclimate evidence combined with radiocarbon analysis. These approaches overlap in time, 
allowing the balance between soil development and erosion rates to be investigated. Results 
are placed within the context of historical data quantifying erosion under past conditions of 






2. Regional setting 
The Snowy Mountains are a high elevation plateau of moderate (undulating) relief. Despite 
being the highest region of Australia, they reach only 2228 m at their highest point (Mt Kosciusko) 
and local relief of the alpine area is usually less than 200 m. The Snowy Mountains are the erosional 
remnants of uplift associated with the Cretacous breakup of Gondawana beginning 100 ma with 
most intense activity centered around 55 ma (Bishop and Goldrick, 2000). Their intraplate setting 
results in low denudation rates (2-5 m/Ma) over geological timescales ((Young and McDougall, 
1993). The basement rocks of the mountains are Silurian and Devonian aged granites with 
Ordovician meta-sediments and occasional Tertiary basalts. The Snowy Mountains contain the only 
peaks above 2,000 m in Australia and form part of mainland Australia’s limited subalpine and alpine 
area, which covers only 2500 km2.  
Aligned perpendicular to the prevailing westerly moisture bearing winds, the Snowy Mountains 
experience a cool montane climate, with mean temperature varying from 18° C in summer to -7° C in 
winter with annual precipitation ~ 2000 mm (BOM, 2014) . In the alpine tract, continuous snow 
cover is present for up to 4 months of the year with isolated snow patches sometimes persisting 
through the year (Green and Pickering, 2009). Interannual variability of snow-depth and snow 
persistence is high and is related to the frequency of occurrence of snow bearing synoptic weather 
systems (Nicholls, 2005; Theobald et al., 2015; Whetton et al., 1996). Minor periglacial activity 
(needle ice formation and frost heave) is currently confined to the alpine zone, with gelifluction and 
frost shattering most significant above 2000 m (Barrows et al., 2001; Galloway, 1965).  
In the montane zone (900-1500 m), vegetation comprises wet-sclerophyll forests dominated by 
alpine ash (Eucalyptus delgatensis) and mountain gum (E. dalrympleana). Subalpine (above 1500 m) 
vegetation consists largely of snowgum (E. pauciflora) woodlands with a grassy (Poa ceaspitossa) 




heath, sod tussock grassland and fen-bog communities (Carex-Sphagnum). Vegetation cover is 
almost complete, extending to the highest peaks.  
From the mid 1800’s to the mid 1900’s CE the Snowy Mountains were exploited for summer 
grazing of sheep and cattle (Green et al., 2006). By the late 1920s CE, deliberate burning by graziers 
and trampling of vegetation by stock had resulted in the initiation of soil erosion over a substantial 
area of the alpine zone (Bryant, 1971). Surveys undertaken at this time implied that sheet erosion 
was the predominant erosion process (Bryant, 1971), however gully erosion also occurred 
particularly around the summits of the highest peaks (Irwin and Rogers, 1986). Since 1944 CE, when 
it was declared a National Park the entire alpine area of the Snowy Mountains has been protected 
from grazing and resource extraction.  
Soils in the alpine and subalpine zone of the Snowy Mountains are classed as humose chernic 
tenosols (Australian Soil Classification) (McKenzie et al. 2014). At the study location, they are 
characterised by a humose A horizon of approximately 30 cm depth with an abrupt to distinct 
transition to a relatively shallow stony BC horizon. The BC horizon grades to the granite substrate at 
approximately 60 cm depth. The soils are considered polygenetic (Brewer and Haldane, 1972). The A 
horizon has been assumed to be Holocene in age and is dominated by high organic inputs from the 
covering snowgrass accompanied by slow decomposition due cold temperatures, frequently 
waterlogged soils and high aluminium content (McKenzie et al., 2004). The soils are augmented by 
significant dust accretion (Costin et al., 1952; Johnston, 2001; Marx et al., 2011). Together this 
suggests that the A horizon undergoes pedogenisis by upbuilding. This differs markedly from the 
underlying poorly developed B/C horizon which has been considered to represent a truncated 
Pleistocene palaeosol developed during a period of greater chemical weathering (which were 
originally termed pedoderms; Brewer and Haldane, 1972). The presence of  stone lines below the A 
horizon, as occurs commonly in the Snowy Mountains, has been argued to represent an erosional 




The onset of soil production of the chernic tenosols  in the alpine region of the Snowy Mountains 
has been assumed to date from sometime after the end of glaciation (< 15ka) (Barrows, et al., 2001; 
Brewer 1972, McKenzie, 1994). Moraines dating from 15.5 ka occur immediately below one of the 
study sites (Cootaptamba) (Barrows, 2001), while significant periglacial activity has been assumed to 
have resulted stripping of soil alpine soils elsewhere in the Snowy Mountains(Costin, 1972). 
Development of alpine peat mires have variously dated between to 7-18 ka (Costin, 1972; Martin, 
1999; Marx et al., 2011), implying the onset of significant organic production at these times and also 
potentially constraining the onset of humose soil formation.  
3. Methods 
3.1 Study locations 
Estimates of rates of soil development, hillslope erosion and sediment yield were undertaken 
within the catchment of Guthega Reservoir, located in the headwaters of the Snowy River (Fig. 1). 
Guthega catchment includes the highest peaks of the Main Divide. Sixty-five percent of the 
catchment lies within the alpine zone, which is characterised by both high relative precipitation and 
high runoff coefficients (Reinfelds et al., 2014). Much of this area is comprised of high elevation 
plateaux surfaces or low gradient valley floors and, as a result, the mean catchment slope is only 12°. 
Only 20% of the catchment area has a gradient greater than 20°, distinguishing it from many other 
alpine settings. The topography of Guthega catchment is representative of the Kosciusko alpine 
region in general, with the exception of the steeper western facing slopes of the range and the 
valleys of the major rivers.   
Estimates of erosion (via 137Cs and 210Pbex) and soil production were made on a hill slope in the 
sub-catchment of Guthega Creek (-36.367°, 148.368°, Fig. 1), which drains directly into Guthega 
Reservoir. The slope has a westerly aspect with an elevation range of 1880 m AHD at the ridge crest 




ridge crest. Snowgrass (Poa spp) predominates above the treeline, with open snowgum (Eucalyptus 
pauciflora), with a dense grassy understorey (Poa and Chionachloa frigida (Ribbony Grass)) below. 
Together these provide close to 100% vegetation cover. This site is considered broadly 
representative of alpine and subalpine zones in the Snowy Mountains in terms of soil and vegetation 
and slope characteristics. Mean slope at the site is 16°, compared to a median of 12° for the Snowy 
Mountains as a whole. 
Erosion measurement by 137Cs and 210Pbex was also undertaken across a second hillslope at 
Cootapatamba, which lies within the alpine zone, at the ridgeline of the Main Range. Site elevation is 
2160 m AHD at the ridge-crest and 1910 m AHD at the valley floor. The hill slope has a northwesterly 
aspect. It is densely covered by alpine herbfield vegetation with a mean slope of 14°.  
Catchment sediment yield was estimated from sediment mass accumulation rates in cores 
collected from Guthega Reservoir (-36.379, 148.371, 1578 m) and Club Lake (-36.414, 148.291 1950 
m), a small cirque lake located within the headwaters of the reservoir catchment. Guthega Reservoir 
has an area of 0.26 km2 with a contributing catchment area of 91 km2.  The area of Club Lake area is 
0.015 km2 with a contributing catchment area of 0.3 km2.  Catchment soils are largely stabilised by 
alpine herbfield vegetation, although evidence of past instability is provided by gravel deposits 
buried within fen peats on the margins of the lake (Dodson et al., 1994). The phyllite bedrock is 
exposed on the steeper sections of the cirque walls and areas of scree are also present. The mean 
cirque catchment slope is 22° and 20 % of the catchment has a gradient greater than 32°. There is 
therefore likely higher potential for erosion in the Club Lake catchment compared with the rest of 
the Snowy Mountains region due to its steeper slopes and exposed sediment.  
3.2 Measurement of soil development rates 
A potential range for the rate of soil development was estimated by two separate methods. In 
the first approach, the likely date of onset for the Holocene stage of soil development was 




conditions following the last ice age in southern Australia. Soil development rates were then 
estimated by dividing the mass of accumulated soil by its likely age. A second estimate was made 
from the radiocarbon ages of soil organic matter (SOM) at multiple depths within soil profiles at 
Guthega (Wang et al., 2014). Samples from each of three soil profiles from the Guthega hillslope 
were dated by 14C AMS and the mass of soil accumulated between each dated interval was 
determined from the product of the increment volume and the corresponding dry bulk density. 
These approaches were used in combination to provide a potential range rather than absolute 
estimate of the rate of soil development.  
In this context, it is acknowledged that radiocarbon ages are typically younger than the true soil 
age (Wang et al., 1996). This method has received critical discussion within the radiocarbon 
literature, the chief identified limitation being the contaminating effect of new carbon which is 
incorporated into the profile during pedogenesis (Goh et al., 1977; Scharpenseel and Becker-
Heidmann, 1992; Wang et al., 1996). The soils formed on the hillslopes of Snowy Mountains alpine 
zone, however, display properties which suggest that they may build upwards in a manner similar to 
peat, that is, dead organic material accumulates at the top of the profile (further discussion of which 
is provided in the section 2 of this manuscript). Accordingly, it was considered that the variation in 
radiocarbon content through the depth of the soil profile could provide insight into relative rates of 
soil formation, within the acknowledged limitations of this method. Radiocarbon measurement was 
performed on the humin SOM fraction, which has been argued to be the environmentally stable 
SOM component and, therefore, relatively less susceptible to contamination by newly incorporated 
carbon (Kristiansen et al., 2003; Pessenda et al., 2001; Wang et al., 2014). Radiocarbon ages 
undertaken on soil humins have been shown to reasonably estimate true age in a range of modern 
soils (Leavitt et al., 2007; Pessenda et al., 2001).  
For the current study, samples were collected from soil profiles excavated at three locations 




mid-slope (-36.360, 148.370, 1804 m) and the toe-slope (-36.360, 148.366, 1665 m). Profiles were 
excavated until the underlying fractured bedrock or saprolite was reached (approximately 0.6 m), 
with samples collected at approximately 100 mm depth intervals. The deepest sample dated, in each 
case, came from the base of the A horizon at its intersection with the B/C horizon, i.e. the presumed 
stripped Pleistocene surface (Fig. 2). 
Sample pre-treatment and analysis was performed by 14C Accelerator Mass Spectrometry (AMS) 
at the Waikato Radiocarbon Dating Laboratory and at the UC Irvine Keck-CCAMS facility (UCI 
KCCAMS), respectively. To remove visible organic contaminants (modern roots), soil was first 
disaggregated by stirring with sodium pyrophosphate on a hotplate and then was washed through a 
1 mm sieve. The <1 mm fraction was retained and evaporated to dryness. The soil was then lightly 
homogenised in a mortar and pestle. Humins were separated from more mobile fractions, such as 
fulvic and humic acids, prior to graphitisation using the acid-base-acid method, according to the UCI 
KCCAMS Facility Acid/Base/Acid sample pre-treatment protocol. Samples were washed first in hot 
HCL then with NaOH to remove soil humics. The NaOH insoluble fraction was washed again in hot 
HCL, then rinsed and dried. Radiocarbon ages were calibrated using the Oxcal programme (v. 4.2) 
(Bronk-Ramsey, 2009) and the SHCal13 calibration curve (Hogg et al., 2013). 
Soil organic content was estimated by dry combustion. Sub-samples from each soil depth 
interval were oven dried then ashed at 450° C for 12 hours. 
3.3 Estimating hillslope erosion rates 
Quantification of hillslope erosion was undertaken using the radionuclide tracers 210Pbex and 
137Cs, where 210Pbex (half life 22.3 yrs) measures erosion rates over time scales of approximately 100 
years and 137Cs measures erosion rates since approximately 1960 CE (i.e. following significant 137Cs 
fallout from atomic testing).This method models soil loss or gain based on the measured deviation of 
the radionuclide inventory from the local reference inventory, which is determined at a non-eroding 




from the relationship between the magnitude of deviation and the extent of soil loss or gain, for 
which a number of empirical (e.g. Loughran et al., 1988; Ritchie and McHenry, 1975) or process 
based (Walling and He, 1999) models have been developed. 
Soil cores were collected from three transects at Guthega hillslope and three transects at 
Cootapatamba hillslope (Fig. 1). Six cores were collected from each transect (18 cores in total) using 
100 mm diameter PVC tube. Soil was collected to a depth of 15 cm or until the stone line, a feature 
of some Snowy Mountains soils (Brewer and Haldane, 1972), prevented further excavation. Fifteen 
additional cores were collected from non-eroding reference site(s) which were located at the ridge 
crests of the respective hillslopes. Samples were oven dried to constant weight, homogenised, and 
sieved through a 2 mm sieve. The <2 mm fraction was ground in a rock mill to a fine powder, packed 
into petri dishes and sealed for approximately three weeks to achieve secular equilibrium between 
222Rn and its daughter  products, including 214Pb. Samples were analysed for 210Pb  and 137Cs by 
gamma spectrometry at the Institute for Environmental Research, Australian Nuclear Science and 
Technology Organisation (ANSTO). The activity of 210Pbex was calculated as the difference between 
total measured 210Pb and 226Ra activity (which was derived from the activity of its granddaughter 
isotope 214Pb). Count times were between 1 and 5 days, depending on the total sample activity, 
resulting in mean counting errors of 6 ± 0.4 % for 137Cs. Mean 210Pbex counting errors were 13 ±2 %. 
Activity of 137Cs was decay corrected to February 2013 and all 210Pbex activities were decay corrected 
to their sampling date. Radionuclide inventories for individual cores were calculated by multiplying 
the measured radionuclide activity of the core by its mass and then dividing by its surface area. 
To account for the intrinsic variability of radionuclide inventories and the resulting uncertainty of 
erosion estimates produced using the available conversion models, this study adopted the 
recommendations of Zhang (2014) and Kirchner (2013). These authors argue that the usual approach 
used when modelling erosion volumes from radionuclide inventories, i.e. comparing individual 




the reference site mean), is problematic in that it ignores the contribution of random spatial 
variability and sampling error to the deviation of any point measurement from the reference mean 
(Kirchner, 2013; Zhang et al., 2015).  
In reality, the reference mean is unlikely to accurately represent the original inventory at the 
point in question  (Wallbrink and Murray, 1996). For this reason, prior to modelling being 
undertaken, statistical anlaysis (t-test, independent samples median test and independent samples 
Kolmogorov-Smirmov test) was undertaken to establish whether the observed differences between 
the reference and hillslope inventories were greater than that which would be expected due to 
random spatial variability and sampling error. Net erosion, or deposition, was assumed to have 
occurred only if the deviation from the reference inventory exceeded that expected due to random 
spatial variability and sampling error at the 95% confidence level (p<0.05). The best estimate of the 
percentage change in radionuclide inventory, representing the volume of soil lost or gained from the 
hillslope, was taken as the difference between the mean of each hillslope and that of its respective 
reference site. An estimate of the potential range of actual erosion rates was obtained by rerunning 
the conversion models using the upper and lower 95 % confidence limits of both the reference site 
and hillslope means.  
The 137Cs and 210Pbex inventories were converted to erosion volumes using the theoretical 
diffusion and migration models of Walling et al. (2007), using their software. The equations for these 
models are provided in Walling et al. (2007). In the case of 137Cs inventories an alternative model, 
the Australian Empirical Model (AEM) (Elliott et al., 1990; Loughran et al., 2004) was also used. The 
equations for this model are provided in Loughran et al. (2004). The AEM was developed specifically 
for Australian conditions and is based on relationships established between 137Cs and erosion plot 
data (Elliott et al., 1990; Loughran et al., 1988). Erosion rates estimated using the AEM have been 
shown to correspond well with erosion plots and sediment yield data in some areas (Martinez et al., 




cases (Simms et al., 2008). Based on past studies undertaken within Australia it is possible that the 
AEM may underestimate and the diffusion and migration model overestimate true erosion rates for 
Australian soils (Martinez et al., 2009; Simms et al., 2008). 
The diffusion and migration model used here considers the time-dependent fallout and 
subsequent redistribution of 210Pbex and 
137Cs within the soil profile. As this can be affected by 
factors extraneous to soil redistribution, such as fallout history, radioactive decay, diffusion, leaching 
and bioturbation, the diffusion and migration model requires inputs describing the profile typology 
of radionuclide activity in soil unaffected by erosion or deposition (these include the diffusion 
parameter, downward migration rate and relaxation depth factor (which describes profile shape)). In 
order to characterise the change in radionuclide activity with depth, three cores from the reference 
site were selected and sectioned into 2 cm increments on which 137Cs and 210Pbex activity was 
measured. Model inputs (the diffusionparameter, downward migration rate and relaxation depth 
factor) were estimated from these cores using the models of Walling et al. (2007) (Table 1). A 
particle size correction factor of 1.6 (Blake et al., 2009) was applied to eroding points to account for 
the enrichment of radionuclides in eroded material due to the preferential erosion of smaller 
particles with higher 210Pb activity. 
The different fallout histories (essentially undetectable after the 1980s CE for 137Cs and constant 
for naturally derived 210Pbex) of the two radionuclides mean that they integrate the net effect of soil 
redistribution processes over different times spans, that is approximately 60 years for 137Cs and 
around 100 years for 210Pbex (
210Pb half-life is 22.2 years) (Walling et al., 2007). 
3.4 Estimating sedimentation rates 
Sediment cores were retrieved from Guthega Reservoir (n=1) and Club Lake (n=1). Collection 
processing and dating of the Club Lake core was previously described in Stromsoe et al. (2013), while 
similarly the Guthega Reservoir core was described in Stromsoe et al. (2015). Both cores are 




A 0.38 m core was collected from Club Lake using 70 mm diameter polyvinylchloride pipe, while 
a 0.27 m core was collected from Guthega Reservoir, using a gravity corer. Cores were extracted 
from approximately the centre of the lake and the reservoir.  
Cores were sectioned into 2-5 mm slices. Samples from both the Guthega Reservoir (n=7) and 
Club Lake (n=9) cores were dated using 210Pb at the Institute for Environmental Research, Australian 
Nuclear Science and Technology Organisation (ANTSO). In some cases the small mass of material in 
each slice necessitated that multiple samples be combined to obtain sufficient sample for dating. In 
addition, samples from Club Lake core were also dated by 14C Accelerator Mass Spectrometry at 
Waikato Radiocarbon Dating Laboratory (n=4). Dating results and age model construction for the 
Club Lake and Guthega Reservoir cores are discussed in Stromsoe et al. (2013) and Stromsoe et al 
(2014), respectively.  
Mass accumulation rates (MAR) (g/cm2/y) were calculated from the product of the increment 
volume, derived from the age model and the corresponding dry bulk density, according to equation 
1.  
                  MAR = SAR * BD    (1)                 
where SAR is the linear  sediment accumulation rate (cm/y) and BD is bulk density (g/cm3).  
The MAR was converted to an annual sediment accumulation rate for the total reservoir area AA 
(t/y). 
AA = MAR * Reservoir surface area    (2) 
AA was then used to estimate area specific catchment sediment yields according equation 3: 




where SSY is the specific sediment yield (t/km2/y), AA is the annual reservoir accumulation (t/y) and 
CA is the contributing catchment area ( km2). 
The Club Lake SSY is considered to be a relatively reliable estimate of the average erosion rate within 
the lake catchment. This is due to the relatively small catchment size and the limited potential for 
sediment storage within its catchment (although some eroded sediment is stored within talus slopes 
on the cirque wall and within fens at the margins of the lake; Mooney et al., 1997). In the case of 
Guthega Reservoir the mass of sediment stored within the lake may underestimate the average rate 
of erosion within the catchment due to storage of eroded sediment within the catchment and 
incomplete sediment trap efficiency of the reservoir. Therefore, the SSY for Guthega Reservoir was 
corrected for the proportion of the catchment estimated to be geomorphically disconnected from 
the reservoir (i.e. SSY was calculated only for the area of the catchment contributing sediment to the 
reservoir) and the trap efficiency of the reservoir for storing sediment. The contributing catchment 
area was determined according to the method of Fryirs et al. (1998). The trap efficiency of the 
reservoir was estimated from the Brune method (Brune, 1953) using the modified curve developed 
by Heinemann for small reservoirs (Heinemann, 1981) according to equation 4. 
TEBR = 100 x ((V/Q)/0.012 = 1.02))    (4) 
where TEBR is the trap efficiency, V is the reservoir volume at capacity (m
3) and Q is the mean annual 
inflow (m3/y).  
It is acknowledged that erosion from such a large area may differ substantially or be considerably 
more spatially variable than suggested by single cores extracted from a limited number of sinks. 
However, the specific sediment yields calculated from the Club Lake and Guthega Reservoir cores 
are used here to provide estimated lower limit for catchment erosion rates for comparison with the 





5.1 Radiocarbon ages 
 For the Guthega soil catena, returned 14C AMS ages for A/BC horizon transition show good 
agreement between sites with ages for the ridge-crest ranging from 2330-2430 y cal. BP; 2520-2750 
y cal. BP for the mid-slope and, 2150-2310 y cal. BP in the toe-slope profile (Fig. 2 and Table 2). 
Minimum age differences are as small as 30 years between the ridge-crest and toe-slope and do not 
display a consistent downslope relationship. The maximum radiocarbon age of the organic A horizon 
is, therefore, approximately 2150-2750 y cal. BP. As the A horizon is presumed to have developed on 
top of the older B/C horizon (i.e. the truncated Pleistocene palaeosol) (Brewer and Haldane, 1972), 
this indicates the potential onset of the Holocene stage of soil development at or prior to this date. 
Due to the potential incorporation of new carbon at depth, this should be regarded as a minimum 
estimate of the true soil age (Wang et al., 1996).  
For each of the three profiles, returned radiocarbon ages were progressively younger toward the 
top of the profile, as would be expected in upbuilding soils as organic matter is added to the surface 
of the profile. In addition, soils at the same depths along the catena are of similar age, e.g. ages from 
100-300 mm depth in the upper two soil profiles are within  12 % of each other, which is close to 
calibration error (Table 2). This implies that is there is no obvious significant carbon mixing by mass 
wasting/movement processes. The lack of significant recent mass wasting or is also indicated by the 
coherence of the A/BC horizon ages and the lack of colluvium in the toeslope (soil profiles lower in 
the catena were shallower). If mass wasting had had occurred, then the toeslope profile ages would 
be expected to be appreciably older than those of further up the catena.  It should be noted that 
mass movement (likely soil creep or solifuction) was previously argued to be a significant process in 
alpine soils of the Snowy Mountains responsible for the exfoliation of mica grains in the presumed 





5.2 Hillslope erosion rates  
5.2.1 Radionuclide reference inventories 
The down -profile distribution of the radionuclide activity at the reference (presumed non-
eroding) site was typical of that found within undisturbed soils, with peak 137Cs activity located just 
below the soil surface and 210Pbex relatively more concentrated in the upper most soil (Mabit et al., 
2008) (Fig. 3). Mean 137Cs reference inventories were 1008 ±35 Bq/m2 (errors are mean counting 
errors) at Guthega and 886 ±47 Bq/m2 at Cootapatamba (Table 3)., while mean reference 210Pbex 
inventories were 11,198 ±517 and 6966 ±882 Bq/m2 at Guthega and Cootapatamba, respectively 
(Table 3). 
Reference 137Cs  inventories measured in this study are high compared to previous Australian 
measurements. Previous measurements of 137Cs fallout for southeastern Australia are in 
approximate accordance with UNSCEAR estimate of 360 Bq/m2 for the 30 to 40°S latitude band 
(UNSCEAR, 2000). For example, reported reference inventory values from southeastern Australia 
were:  383 Bq/m-2 measured at Blue Gum Creek, south coast,  NSW) (-34.222°S, 150.492°;  MAP 840 
mm; Blake et al., 2009); 540-653 Bq/m2  in the upper Hunter Valley, central coast NSW (-32.092°, 
150.117°; MAP 620 mm; Martinez et al., 2009) and; 425 Bq/m2, the average of multiple sites in 
southern Australia between -30 and -40° (Chappell et al., 2011a; Elliott, 1997)) (all values are decay 
corrected to 2013 for comparison).   
The relatively high  137Cs  activity  measured in Snowy Mountains soils is likely explained by the 
area’s high precipitation, as 137Cs activity tends to increase with increasing rainfall (e.g Chappell et 
al., 2011a; Schuller et al., 2002). The 137Cs inventory for the Snowy Mountains is broadly consistent 
with, although still higher than, by the rainfall-inventory relationship developed for Australian sites 




from a location where mean annual precipitation (MAP) approaches that of the Snowy Mountains  (, 
i.e. 884 Bq/m-2 at 1800 mm/y MAP in coastal New South Wales (Chappell et al., 2011a; Elliott, 1997).  
Excess 210Pb reference inventories for the Snowy Mountains sites are also comparatively high. 
They are  approximately 5 times those reported for Blue Gum Creek, i.e. 1923 Bq/m2  (-34.222°, 
150.492°; MAP 840 mm; Blake et al., 2009) and Townsville on the north-eastern Australian coast, i.e. 
1600 Bq/m2  (-19.256°S, 146.818°E, (-19.256°, 146.818°; MAP 1140 mm; Pfitzner et al., 2004). Higher 
inventories in the Snowy Mountains sites are likely explained by a combination of characteristics 
known to increase 210Pbex fallout, including the area’s relatively high precipitation, high rates of dust 
deposition (Marx et al., 2011; Stromsoe et al., 2015), and relative distance from the coast, where 
210Pb production is low (Garcia-Orellana et al., 2006; Preiss et al., 1996)..   
Spatial variability in 137Cs and 210Pbex reference inventories can be described by the coefficient of 
variation (CV). The CV of the 137Cs reference inventory was 21 % at Guthega and 30 % at 
Cootapatamba. For 210Pbex the reference inventory CV was 30 % at Guthega and 50 % at 
Cootapatamba. Radionuclide inventories tend to display high intrinsic variability due to the small-
scale variability of several factors, including: initial fallout, which is influenced for example, by the 
deposition of dust which scavenges 210Pb (Marx et al., 2005); microtopography; vegetation; as well 
as runoff and infiltration (Owens and Walling, 1996; Zhang, 2014). The CV of the Snowy Mountains 
sites is consistent with that observed by previous studies, i.e. typically 20 % for 137Cs (Kirchner, 
2013; Pennock and Appleby, 2003; Sutherland and de Jong, 1990).The intrinsic spatial variability of 
210Pbex fallout is less well known, but CVs of 10 % (Porto et al., 2009) to 115 % (Mabit et al., 2009) 
have been reported. The high spatial variability of 210Pbex relative to
 137Cs in the Snowy Mountains 
reference sites may be partly attributable to the relative imprecision of gamma spectrometry for 
determining 210Pb activity compared to 137Cs  (e.g. Shakhashiro and Mabit, 2009).  




Ceasium-137 inventories at the hill sites were similar to, or only slightly higher than, that 
measured at the reference sites (Fig. 4A and 4C and Table 3). The mean 137Cs inventory at Guthega 
hillslope was 1001 ±63 Bq/m2  (cf reference inventory 1008 ±88 Bq/m2). At Cootapatamba hillslope 
the mean 137Cs inventory was 928 ±66 Bq/m2 (cf reference inventory 886 ±70 Bq/m2).  In each case, 
statistical tests confirmed that the mean (t-test), median (independent samples median test) and 
distribution (Kolmogorov-Smirmov test) of the hill sites inventories are not statistically different 
from the reference siteat the 95% confidence level (Table 4).  
In contrast to the 137Cs results, the 210Pbex hillslope inventories imply potential loss of 
210Pbex (i.e. 
net soil loss) at the hillslope sites (Fig. 4B and D and Table 3). The mean 210Pbex inventory at Guthega 
hillslope was approximately 2620 Bq/m2 lower than the expected natural inventory (Figure 4B and D 
Table 3), while the 210Pbex inventory at Cootapatamba hillslope is 725 Bq/m
2 lower than the expected 
natural (reference) inventory. Differences between hill and reference inventories are statistically 
significant at Guthega hillslope but not at Cootapatamba (Table 4). 
5.2.3 Modelled erosion rates 
For the most part, there were no statistically significant differences in the radionuclide 
inventories to provide convincing evidence of significant erosion at the analysed hillslopes (Table 4). 
An exception is Guthega hillslope, where the 210Pbex inventory was significantly lower than the 
reference inventory, equating to a modelled erosion (using the diffusion and migration model of 
Walling et al. (2007)) rate of 60 t/km2/yover the last 100 years. The range of potential erosion rates 
at Guthega hillslope, estimated from the upper and lower 95% confidence intervals of the reference 
and hillslope means, was 10-90 t/km2/y. Based on a mean soil bulk density of 0.6 g/cm3, the 60 
t/km2/y of soil loss experienced equates to a surface lowering rate of 0.1 mm/y.  
Although at Cootapatamba hillslope, the observed loss of 210Pbex, was shown to be statistically 
non-significant, results imply some potential loss of 210Pbex. Consequently, modelled erosion rates 




as 210Pbex loss at this site is small relative to its natural variability, this value is uncertain. The 
maximum difference between the 95% confidence intervals of the reference and hillslope mean 
inventories at Cootapatamba hillslope imply a potential soil redistribution rate of between 110 
t/km2/y of erosion to 76 t/km2/y of deposition. The 137Cs hillslope inventories at both sites were 
essentially identical, or slightly higher, than their respective reference inventories. This implies either 
the total volume of soil lost over the past 60 years (the timespan of the 137Cs method) was negligible, 
and/or that the sampling resolution was insufficient to capture and accurately characterise the 137Cs 
inventory at the hillslope site.  
While the chosen sample size (n=15) is considered as sufficient in much of the radionuclide 
literature (see for example the review by Pennock and Appleby, 2003), statistical power analysis 
demonstrates that the Snowy Mountains erosion rates are near the limit detectable by the statistical 
tests applied in this study.   The smallest overall 137Cs loss or gain detectable by this study is 336 
Bq/m2, or approximately 33 % of the mean reference inventory, at Guthega and 227 Bq/m2, or 31% 
of the mean reference inventory, at Cootapatamba (at an 80 % probability of detection). This rate of 
137Cs loss converts to an erosion rate of 70 t/km2/y., which is towards the mid-upper end of the 
erosion rates modelled using  210Pbex (see section 5.2.3). The same 
137Cs values equate to a modelled 
erosion rate of 24 t/km2/y using the AEM model. 
5.3 Sedimentation rates 
Sediment mass accumulation rates (MAR) calculated using equation 1 for Club Lake and Guthega 
Reservoir were   470 and 2610 g/cm2/y, respectively. These values represent the mean accumulation 
rates since c.1920 CE for Club Lake and c.1955 CE for Guthega Reservoir. The SSY for Club Lake 
catchment was 23 t/km2/y and the (uncorrected) SSY for Guthega Reservoir catchment was 6 
t/km2/y. The estimated area of Guthega Reservoir catchment contributing sediment directly to the 
reservoir was 73 km3 and the trap efficiency of the reservoir was 44%. Taking these values into 




The Club Lake SSY is considered likely to be at the upper end of sediment yields from the Snowy 
Mountains, due to the relatively small size, steepness and limited potential for sediment storage  
within its catchment,. Sediment storage, and therefore the MAR at Guthega Reservoir, may be 
affected by the release of sediment through the river outlet structure at the base of the dam. 
Accordingly, the 13 t/km2/y sediment  yield for Guthega catchment may underestimate true 
sediment yields. The collective sediment yields from Club Lake and Guthega Reservoir suggest that 
catchment erosion rates from the Snowy Mountains exceeds 13-23 t/km2/y. 
6. Discussion 
6.1 The age of alpine and subalpine soils in the Snowy Mountains and 
its implications for sediment production  
It is generally accepted that late Pleistocene sediment erosion and transport rates in the 
highlands of Australia were greater than present (Kemp and Rhodes, 2010; Page and Nanson, 1996; 
Page et al., 1991). This is demonstrated in the major rivers which drain the Snowy Mountains (the 
Murray and Murrumbidgee Rivers), which are known to have experienced markedly different 
channel forms and sediment characteristics, i.e. braided, low sinuosity channels transporting 
bedload by comparison to the current meandering high sinuosity suspended load channels (Page et 
al., 2009), implying geomorphically unstable conditions in mountain areas which were less suitable 
to the development of organic soils. In high altitude catchments, the change to the present regime 
occurred at approximately 6-10 ka and may have been driven, in part, by decreasing erosion rates in 
the Snowy Mountains (Ogden et al., 2001).   
As previously discussed, the chernic tenosols of the Australian Alps are considered to be 
polygenetic (Brewer and Haldane, 1972), with the organic A horizon  ascribed a Holocene age 
(McKenzie et al., 2004), while the  B/C horizon believed to have developed during a period of greater 




Pleistocene origin is presumed, the age of the B/C horizon has not yet been confirmed by suitable 
dating methods. In contrast, the A-B/C transition, the position of the deepest dates obtained here, 
marks the onset of A horizon development and the establishment of conditions favouring 
preservation of organic matter and soil up-building, i.e. the current phase of soil development and 
would document the onset of an implied period of relative geomorphic stability which is considered 
to mark the Holocene, or in this context at least the mid to late Holocene.  
The timing of late Pleistocene glaciation and also of maximum frost shattering  in the Snowy 
Mountains is relatively well constrained (with three glacial advances occurring between 
approximately 15 and 35 ka; Barrows et al., 2001), however the date of renewed (post-last glacial) 
soil development of is comparatively unknown. The only relevant existing dates for soils in the 
alpine/subalpine (>1 500 m) zone come from peat mires (Costin, 1972; Kemp and Hope, 2014; 
Martin, 1986; Marx et al., 2011), which develop under specific topographic and hydrological 
conditions, and from timing of activity of solifluction terraces (Costin, 1972). The 14C dates from 
Guthega hillslope are therefore the first ages for organic hillslope soils which blanket almost the 
entire subalpine/alpine area. 
Radiocarbon dating of soil organic matter (SOM) is not straightforward due to the continuous 
incorporation of new carbon  via root decay, bioturbation and translocation of mobile organic 
fractions (Wang et al. 1995). Consequently, macro-carbon, such as macro-charcoal, is regarded as 
producing more reliable ages, but was unfortunately not present in the studied soils. Humins, as 
were dated in this study, are considered by some to be the SOM fraction which most closely 
resembles the true soil age (Pessenda et al., 2001). Although paired radiocarbon dates on the humin 
fraction and on macro-charcoal from the same depth in soil elsewhere have returned equivalent 
ages (Wang et al. 2014, Pessenda et al. 2001), it is not possible to rule out the addition of new 
carbon from root material to the humin fraction in this study. Consequently, radiocarbon ages 




(MRT) of carbon in soil, that is, the average age of all components of different ages in the soil, 
allowing for renewal and decomposition.  
The radiocarbon dates obtained on SOM in the A horizon of these soils would be expected to be 
significantly less influenced by incorporation of new carbon than many other soils. In this alpine 
environment, low temperatures and humid conditions inhibit mineralisation of SOM, and may 
facilitate the formation of organic up-building soils. While the SOM reservoir may receive new 
carbon from root decay, the zone of active root growth and bioturbation will shift up with time, 
meaning that the radiocarbon content at different depths should reflect the date at which they 
formed to a greater extent than for more mineral soils. This is supported by the progressive increase 
in radiocarbon age with depth which implies that SOM is continuously buried by younger organic 
matter.  
The  14C dates from the A–B/C horizon transition for each the three profiles examined here 
returned ages of c.2 500 y cal. BP (Table 2). These are considerably younger than previously assumed 
ages of approximately 12-16 Ka (McKenzie et al., 2004) indicated by the termination of glaciation 
and the decline of significant frost shattering in the Snowy Mountains (Barrows et al., 2004; Barrows 
et al., 2001). The implication of this discrepancy is that either soil at the A-BC transition has 
incorporated significant new carbon, e.g. approximately 30-40 % of the 14C present at the A-B/C 
transition has been incorporated after initial soil formation, or alternatively the organic horizon has 
developed since 2500 y cal. BP. In the following sections the potential ages of alpine and subalpine 
soils are explored using other geomorphic and palaeoclimatic evidence. 
6.1.1 Maximum possible ages for the onset of soil development in the Snowy 
Mountains 
The maximum likely date for the onset of the current phase of soil development at Guthega is 
determined by the timing of the end of glaciation in the late Pleistocene and the subsequent 




organic A horizons of the chernic tenosols. On the Australian mainland, the extent of late Pleistocene 
glaciation, even at the height of the Last Glacial Maximum (LGM) is believed to have been limited. In 
the Kosciusko region, permanent ice is thought to have been restricted to small cirque glaciers above 
1850 m AHD, covering a maximum area of 15 km2 (Barrows et al., 2001). However, periglacial activity 
was likely to have been considerably more widespread, resulting in major slope instability possibly 
extending to as low 600 m above current sea level (Galloway, 1965). In the Snowy Mountains, the 
limits of periglacial solifluction were possibly 975 m  lower than today, implying summer 
temperatures 9° C colder than present (Galloway, 1965). In the current alpine/subalpine zone (>1500  
m AHD), periglacial slope processes were considered sufficient to initiate widespread stripping of the 
pre-existing soil and vegetation, producing the stony rubble which today underlies much of the 
alpine/subalpine zone (Costin, 1972), i.e. the current B/C horizon and the stone lines. Thus the 
earliest time at which the organic A horizon and associated fine-grained weathering products began 
to accumulate on slopes above 1500 m in the Snowy Mountains must at the least post-date the 
latest deglaciation of the Kosciuzko Massif. 
On the Australian mainland, several lines of evidence place the most recent Pleistocene 
glaciation at 35-15 ka, with maximum cooling at 21 ±2 ka (Williams et al., 2009). Rivers draining the 
eastern highlands experienced episodic periods of increased discharge and bed load transport 
(based on the dimensions of palaeo channels and the sediment texture within them) centered at 30-
25, 20-18 and 18-14 ka, implying increased snowpack volumes and geomorphic instability in less 
vegetated headwater catchments at these times (Kemp and Rhodes, 2010; Page and Nanson, 1996; 
Page et al., 1991). On the Kosciusko Massif, cosmogenic 10Be dating of glacial moraines 
demonstrates that the latest (Mt Tynnam) and least extensive glacier advance occurred at 16.8 ±1.4 
ka (Barrows et al., 2001). A lack of recessional moraines implies that the subsequent deglaciation 
was rapid (Barrows et al., 2001). Block streams and block aprons located between 1200 - 1750 m 




17 ka (Barrows et al., 2004), indicating a decline in the intensity of frost shattering. Basal dates for 
organic sediment overlying glacial till in the region’s largest cirque lake suggest local establishment 
(i.e. to 1890 m AHD) of vegetation by as early as 15.8 ka (De Deckker and Shakau, unpublished data 
cited in Barrows et al., 2001). The end of the last bedload dominated phase on the Riverine Plain, 
which occurred sometime before 12 ka, also implies increasing stability for the highlands in general 
(Page et al., 2009). Thus the maximum probable date for the renewed onset of soil development in 
the Snowy Mountains region is 14-16 ka.  
At high elevations (the current subalpine and alpine zone) there is evidence to suggest that 
return to suitable conditions for soil development may not have occurred until several thousand 
years later. At Caledonia Fen (1280 m AHD), located 170 km SE of the Guthega site, the timing of 
the transition from mineral to organic sedimentation implies that the establishment of high lake 
levels and stable catchment slopes did not occur until 11 ka (Kershaw et al., 2007). This 
sedimentation change was concomitant with a dramatic increase in eucalypt abundance and the 
decline of cold climate vegetation (including Asteraceae Tubiliflorea and Chenopodiaceae) indicating 
the rise of the treeline to close, or above, 1280 m AHD at this time. This is 600 m lower than the 
elevation of the current tree line at Guthega hillslope. Assuming a lapse rate of 0.77° C/ 100 m and a 
temperature increase of 1° C for each degree of latitude, the Caledonia Fen results suggest that the 
11 ka temperature at the Guthega ridge-crest was 3.6 ⁰C lower than present. By implication, mean 
daily temperatures at Guthega hillslope may have been <- 6 C in the coldest months with maximum 
daily temperatures remaining below 0° C for 3-4 months of the year (at present mean maximum 
daily temperatures rise above freezing in all months). While this temperature estimate is imprecise, 
it nevertheless provides insight into the likelihood of organic soil development occurring in the 
alpine area at 11 ka and suggests that cold climate conditions may have limited the rate of organic 
soil building until after 11 ka. This is supported by pollen data from Mt Kosciusko from elevations of 




BP, with the transition to the current alpine community occurring sometime after 9,000 (Rain , 1974) 
to 7,000 y cal. BP (Martin, 1986).  
The development of peat mires in the alpine zone would also have been inhibited until slopes 
stabilised sufficiently to allow peat growth in low gradient areas to exceed its rate of removal (Hope, 
2003).  Early 14C dates from the Snowy Mountains placed the onset of peat growth above 1800 m 
AHD at 11–18 ka (Costin, 1972; Martin, 1986). More recently obtained dates, however, show that 
peat development at many sites did not occur until 7-9 ka (Martin, 1999; Marx et al., 2011). This 
suggests that summer temperatures in the current alpine zone may have remained ≤ 10°C until 7-8 
ka, after which they warmed sufficiently to permit peat growth in topographically favourable 
positions, and/or to permit more extensive development (Marx et al., 2011). This approximately 
coincides with a decline in alpine pollen and rise in Eucalpyptus at Diggers Creek peat mire (at 
approx. 6500 cal. y BP) indicating the advance of the local treeline above 1700 m (Martin, 1999).  
The only previous estimate for the onset of hillslope soil development in the alpine zone comes 
from Pounds Creek ( at 1960 m AHD), where soil overlies 15 cm of fine granitic gravel, dated to 9000 
radiocarbon years (Costin, 1972; Martin, 1986). This was interpreted as representing a period of 
intense periglacial activity preceding the onset of soil development.  Elsewhere, soil developed on 
late Pleistocene substrates in the Blue Mountains (>900 m AHD, 250 km north of Guthega) and 
dated by optically stimulated luminescence (OSL) shows a marked discontinuity in age with depth, 
related to accelerated erosion above the treeline during the LGM. OSL ages  jump from 32 ka at 40 
cm depth to 7 ka at 30 cm, implying sediment accumulation on top of the relict erosional surface 
began slightly after 8 ka (Wilkinson et al., 2005).  
A delayed return to stable conditions in high elevation catchments is supported by the timing of 
the initiation of modern fluvial activity in the upper Murray River and its tributaries, which at 7-10 
ka, post-dates that of the lower elevation Goulburn and mid Murray Basin by 1-10 ka (Ogden et al., 




Holocene climatic optimum, which manifested in Australia as high lake levels (e.g. Bowler and 
Hamada, 1971; Gliganic et al., 2014; Wilkins et al., 2013), increased river discharge (Cohen and 
Nanson, 2007), reduced aeolian activity (as recorded in Blue Lake, in the Snowy Mountains; Stanley 
and De Deckker, 2002) and a maxima in rainforest and wet scelorphyll taxa suggesting a period of 
enhanced rainfall and temperatures 1-2° C higher than present (see Gouramanis et al., 2013 and; 
Kershaw, 1995 and references therein), between 8.5-4 ka centered around 6 ka (Cohen and 
Nanson, 2007; Gouramanis et al., 2013). Thus, the most likely maximum age for the attainment of 
conditions suitable for organic soil building in the alpine area is considered to be 7-9 ka. This is likely 
to have had a considerable impact on the hydrology of alpine catchments as their capacity for 
storage and delayed release of rainfall and snowmelt increased with the development of organic 
soils and peatlands. 
6.1.2 Evidence for late Holocene onset of soil development 
The 2500 y cal. BP basal ages for the Guthega soils obtained by this study are concomitant with 
the Neoglacial, a period of glacial advances and enhanced geomorphic activity across the Southern 
Hemisphere (Porter, 2000). Evidence for altered climate conditions during this period is derived 
predominately from glacial advances, onset of peat development and palynological studies from 
southern South America and New Zealand (Kilian and Lamy, 2012; Markgraf et al., 1992; Porter, 
2000; Shulmeister et al., 2004; Stansell et al., 2013; Wanner et al., 2008), in addition to Antarctic 
cooling at 5 ka (Hodell et al., 2001) and 2.3 ka (Masson-Delmotte et al., 2004). In the Southern 
Hemisphere, Neoglacial advances have widely been attributed to an increase in the 
strength/position of the southern westerly wind belt and an associated increase in precipitation 
(Lamy et al., 2001; Marx et al., 2011; Shulmeister et al., 2004; Strother et al., 2014). Glacial advances 
are typically taken as being centred around 4500 y cal. BP., however, a series of advances occur 




The retreat of glaciers after 15 ka years in Australia means there is less obvious evidence of the 
Neoglacial in the Australian landscape compared with active glacial environments. However, the mid 
to late Holocene (after 6 ka) is associated with increased rainfall variability, including both droughts 
and pluvial episodes in association with the strengthening and increased frequency of the El Nino 
Southern Oscillation and the Indian Ocean Dipole (Gliganic et al., 2014; Gouramanis et al., 2013; 
Marx et al., 2011; Marx et al., 2009; Petherick et al., 2013). Evidence for cooler conditions is 
equivocal. Nevertheless, several distinct cold phases occurring throughout the mid to late Holocene 
in Australia are evident in 18O records from offshore records in the canyons of the Murray river at 
4300, 2700 and 1400 years BP (Moros et al., 2009). These cold phases are generally replicated in 
deuterium derived records from the EPICA ice core (Masson-Delmotte et al., 2004). In addition there 
is evidence of cooler conditions in the Snowy Mountains at this time (e.g. Kemp and Hope, 2014; 
Martin, 1999), as discussed below. 
In the Snowy Mountains, Costin (1972) found evidence of episodic geomorphic instability 
particularly at 2000-4000 years BP. This included reactivation of solifluction terraces, rubble layers 
in fen peats surrounding Club Lake. The timing of this activity was established using some of the 
earliest radiocarbon dates undertaken in Australia, however, and occurred prior to advances in 
sample preparation to improve the removal of contamination.  
More recent studies provide additional evidence of enhanced geomorphic activity and changing 
climate in the Australian Alps in the mid to late Holocene. Marx et al. (2011) found an increase in 
fluvial/colluvial sediment input   to a peat mire in the headwaters of the Snowy River between 2000-
4000 y cal. BP and a decrease in long-range dust input, interpreted to represent increased local 
geomorphic activity coinciding with wetter conditions in dust source areas (the lower Murray-
Darling Basin).  
The sedimentological pattern in lower elevation mires displays alternating peaty silt and humic 




a sand layer followed by continuous and rapid peat development to the present (Hope et al., 2009). 
Combined this indicates potentially variable geomorphic conditions before 3500 y cal. BP, potentially 
increased geomorphic activity at 3500 y cal. BP, followed by lower activity or wetter conditions after 
this date until the present. Further evidence is provided by higher elevation peat mires in the Snowy 
Mountains which at some sites began developing at c. 3000 y cal. BP, indicating the onset of 
favourable conditions for peat development at this time (Costin, 1972; Grover et al., 2012; Martin, 
1999). The c.3000 y cal. BP signal in peat mires is potentially linked to periods of increased drought 
or fire (Hope et al., 2009). A possible decrease in temperature during this period is implied by 
palynological studies from high elevation sites. These show an increase in Poaceae pollen and a 
eucalypt  minimum in the Diggers Creek peat bog from 1900-4000 y cal. BP (Martin 1999), a return 
to subalpine woodland or daisy rich grassland between 2700 and 900 y cal. BP at Micalong Swamp 
(Kemp and Hope, 2014) and an increase of Nothogagus at high elevation sites in the Victorian Alps 
(>900 m AHD) at approximately 2200 y cal. BP BP (McKenzie, 1997), which has been interpreted as 
indicating cooler and/or wetter conditions. 
Consequently, there is evidence that supports the onset of alpine and subalpine soil 
development in the Snowy Mountains at 2500 y cal. BP. However, there is also evidence that soil 
formation, following the last Pleistocene glaciation, is likely to have begun from at least 7 ka. If the 
Guthega hillslope soils have developed from 2500 y cal. BP then it implies previous soil developed in 
the early to mid-Holocene has been eroded during the Neoglacial. Peat development continued 
through the Neoglacial period in the Snowy Mountains at high elevation sites, confirming significant 
biological activity. However, peat in the Snowy Mountains is confined to topographic depressions 
which are less likely to experience erosion. Overall, the age of soil development cannot be 
established unequivocally by this study; however, the minimum dates for the stable soil carbon 
fraction are consistent with the palaeoclimate evidence. The timing of the onset of soil formation 
and associated implications relating to the stability of the landscape remains important for 




6.2 Soil development rates 
The current phase of soil development in the Snowy Mountains alpine zone has thus been 
proceeding for between 2.5 and 12 ka, producing between 30 and 60 cm of organic soil. The soil 
ages estimated by the radiocarbon ages and the geomorphic evidence provide two alternative 
methods for calculating the net rate of soil development (the net effect of soil production and 
removal) in the Snowy Mountains over the early to late Holocene.  In both cases, estimates are likely 
the minimum rate at which soil is produced by weathering of bedrock, accumulation of mineral 
matter and dust accretion as soil mass is also influenced by erosion and soil creep. As discussed 
elsewhere in the manuscript these effects are likely to be minor however.  
Assuming that soil development has been continuous since deglaciation i.e. since approximately 
7-12 ka BP (method 1) produces in a mean estimated soil development (production minus removal) 
rate of approximately 0.05-0.09 mm/y (50 and 90 mm/ky) in the mid-slope and ridge-crest profiles 
and of 0.03–0.04 mm/y (30-40 mm/ky) in the toe-slope profile. Assuming an average bulk density of 
0.7 g/cm3 for the A horizon, this equates to a mean mass accumulation rate of 20–60 t/km2/y. 
Using the second approach (i.e. estimating soil development rates from the mass of soil 
accumulated between each radiocarbon dated interval using measured bulk densities of 0.6 g/cm3 
near the surface to 0.9 - 1.2 g/cm3 at the base of the A horizon), soil development rates are 
estimated to have ranged between 0.08-0.26 mm/y or 40-220 t/km2/y since the late Holocene. Thus 
the rate of soil development at Guthega estimated using the two methods described above ranges 
between a minimum of 0.05 and a maximum of 0.26 mm/y, with corresponding mass accumulation 
rates of 20 to 220 t/km2/y.   
 Previously estimated rates for soil production undertaken in Australia using cosmogenic 10Be 
nuclides ranged from 7 ± 0.2 mm/ky on conglomerate in semi-arid central Australia to 75 ±24 mm/ky 
on sandstone in Northern Territory tropics (original data from Heimsath et al., 2010,  normalised to 




method assumes steady state conditions where soil production equals denudation and so does not 
determine the separate production and erosion components.  In contrast, production rates inferred 
from U-series isotopes are independent of this assumption and essentially measure the rate of 
downward migration of the soil/saprolite or saprolite/bedrock boundary. Soil  production rates 
estimated using the U-series method at Frogs Hollow, NSW (930 AHD, 500 MAP), approximately 100 
km northeast of the Snowy Mountains, were 10-24 mm/ky (for soils developed on Devonian 
granites) (Suresh et al., 2013). Assuming a bulk density of 1.6 g/cm3, the combined range of reported 
production rates equate to a MAR for Australian soils of 11-120 t/km2/y.  Thus the range soil 
development (production minus erosion) rates in the Snowy Mountains reported in this study is 
towards the upper end or greater than previously reported soil production rates for Australian.  This 
is despite the Snowy Mountains being traditionally viewed as a low chemical weathering 
environment.  
The soil development rates estimated for Guthega hillslope (20-220 t/km2/y) are broadly similar 
to those reported for Holocene aged soils on soil mantled alpine slopes elsewhere. Soil production 
rates estimated by the 10Be method on the low relief plateau of the San Gabriel Mountains ranged 
from 38-196 t/km2/y (Dixon et al., 2012). Dixon et al. (2014)considered these plateau sites to be relic 
landscapes unadjusted to tectonic uplift, making them somewhat comparable to the Snowy 
Mountains. Uplift rates in the San Gabriel Mountains are, however, rapid (i.e., 0.5-5 m/Ma), 
displaying a strong west-east gradient (see Lifton and Chase, 1992 and references therein), while 
MAP is four times lower than the Snowy Mountains, i.e. 500 mm/y.   
The rates from both Guthega and the San Gabriel Mountains are also broadly comparable to 
those from the actively uplifting and relatively humid (MAP:  1137 mm) Rhone Valley (60-270 
t/km2/y) (Norton and von Blanckenburg, 2010). Soils of comparable age (1.5-12 ka) to those at 
Guthega have been shown to develop similar rates at various sites in the European Alps (32-346 




highest rates of soil development have been measured in alpine areas experiencing both rapid uplift 
and very high annual precipitation. In the New Zealand Southern Alps (MAP 10 000 mm), for 
example, soil production rates reach 2.5 mm/y (Larsen et al., 2014), one to two orders of magnitude 
faster than the rates inferred for the Snowy Mountains. 
The maintenance of significant soil mantles on alpine hillslopes, particular in wetter regions, has 
been attributed to the modulating influence of precipitation on the rate of soil production (Larsen et 
al., 2014). High moisture availability facilitates chemical weathering by supporting high vegetation 
productivity and consequently the production of chelating ligands, organic acids and increased 
subsurface CO2 (Larsen et al., 2014; Riebe et al., 2004). By lowering the effective activation energy of 
weathering reactions, these biological processes may also lessen the otherwise inhibitory effect of 
low alpine temperatures on chemical weathering rates (Riebe et al., 2004).  
In the Snowy Mountains, the high organic content of the chernic tenosols suggest an additional, 
more direct effect of vegetation in maintaining hillslope soil mantles. At 14-27 % the organic content 
of these soils greatly exceeds typical values for soils within Australia, where organic matter normally 
constitutes <5 % of the total soil weight (McKenzie et al., 2004). This difference is likely explained by 
high vegetation productivity in the Snowy Mountains as well as inhibition of organic decomposition 
by low temperatures, low pH and frequent saturation of the soil profile (McKenzie et al., 2004). 
Consequently, the SOM component alone directly equates to between 2 and 20 t/km2/y of soil 
development in the Snowy Mountains. This is higher than  estimates of SOM input  for lowland 
Australian soils which are <1-6 t/km2/y, (assuming a soil SOM content of 2-5 % and using the 
production rates of Heimsath et al., 2010; Stockmann et al., 2014)) Thus,  organic input contributes 
significantly to the high soil production rates in the Snowy Mountains. 
Removing the SOM component from the total soil development rate results in an estimated soil 
development rate for the Snowy Mountains of between 40-205 t/km2/y. By comparison, estimates 




the upper end of estimates, soil production in the Snowy Mountains remains higher than other 
Australian rates implying the SOM contribution alone does not account for the high rates of Snowy 
Mountains soil production. Therefore rates of soil development in the Snowy Mountains  may also 
be attributed to high weathering rates (i.e. conversion of bedrock to soil) and/or significant rates of 
dust accretion. High weathering rates may also be partly attributed to the high SOM content as 
organic acids contribute to mineral weathering (Larsen et al., 2014; Riebe et al., 2004) and high 
precipitation, which in the Snowy Mountains is 1/3 to four times higher than in other Australian sites 
where soil production has been examined).  
6.3 Erosion rates 
The 210Pbex inventories from Guthega hillslope imply a hillslope erosion rate of 60 t/km
2/y with a 
range of 10-90 t/km2/y over the past c.100 years. This compares to catchment-wide sediment yields 
of 13-23 t/km2/y at Guthega and Club Lake. Sediment yields in this context represent minimum 
erosion estimates due to catchment storage and potential sediment loss from both lakes, Guthega 
Reservoir in particular. Statistical power analysis of the 137Cs inventories demonstrated that the 
minimum erosion rate which could be detected given the sampling strategy was 70 t/km2/y.  No net 
soil erosion (or gain) was detectable using 137Cs, implying erosion rates at Guthega hillslope are no 
higher than 70 t/km2/y, which accords with upper range of modelled 210Pbex erosion estimates. 
Combined these results indicate erosion rates at Guthega are likely to approximate those calculated 
using 210Pbex , i.e. 60  t/km
2/y but may have be considerable lower, particularly during the past 60 
years.  
Snowy Mountains erosions rates (60  t/km2/y) are somewhat lower than the mean erosion 
rates (90 t/km2/y) estimated for uncultivated Australian sites  using the 137Cs method (Chappell et al., 
2011b; Loughran et al., 2004). By comparison,  erosion rates estimated for the Southern Tablelands 
of Australia from sedimentation in farm dams range from 4 t/km2/y for undisturbed sites to 90 




210Pbex and sediment yield data are representative of the mean erosion rate for the 2500 km
2 
subalpine/alpine zone as a whole, the total sediment yield from the Australian Alps over the past 9 
ka approximates 540 x 106 t (although periods of significantly increased erosion, e.g. the Neoglaical, 
could result in considerably higher overall yields). 
The 210Pbex inventories and the lake sedimentation rates both incorporate the grazing era (mid 
1800s-1940s CE), when high stocking rates for sheep and cattle lead to significant erosion in areas of 
the Snowy Mountains (Costin, 1954). Plot studies of soil erosion undertaken in the 1950s CE, 
immediately following the exclusion of grazing from the alpine area of the Snowy Mountains, found 
that erosion averaged around 460 ±220 (SE) t/km2/y in areas where the ground cover had been 
disturbed by stock but was undetectable in areas where the vegetation cover remained intact 
(Costin et al., 1960) (Fig. 4).  
In the Guthega catchment, soil surveys determined that an area of 30 km2, out of  the 90 km2 
catchment was slightly to severely eroded (Bryant, 1971). Notably, the hill slope studied here 
(Guthega hillslope) was not deemed to be significantly affected.  Soil surveys reported the depth of 
erosion depth in addition to its spatial extent. Combined, these indicate a sediment yield of 180 
t/km2/y from affected areas. This equates to an increase in the background erosion rate (i.e. in 
addition to natural erosion from other parts of the catchment) of 60 t/km2/y for the Guthega 
catchment (Fig. 5). Independent stream sediment gauging carried out at Guthega during the same 
period recorded a suspended sediment yield 18 t/km2/y (Brown and Milner, 1988) (Fig. 5). The 
difference between these two estimates (18 versus 60 t/km2/y) implies either that substantial 
quantities of sediment are stored within the catchment, or transported as bedload, or a combination 
of the two.   
The 210Pbex erosion rates presented by the current study are substantially lower than those 
measured during the grazing period. However, as approximately one half of the last 100 years, the 




ruled out. While the study site was apparently not significantly affected by grazing, as indicated by 
observation based surveys (Bryant, 1971), it is possible that some grazing induced erosion did occur, 
albeit at a level no longer detectable by observation.  If so, the erosion rates calculated here would 
exceed both the longer term late Holocene and post grazing rates, i.e. that the presented results 
overestimate typical Holocene soil loss rates. The fact that the Cootapatamba hillslope site recorded 
minimal to no net soil loss over the past 100 years does, however, imply that the effect of grazing 
must have been minimal on some sites, i.e. vegetated slopes as suggested by Costin et al. (1960).  
Overall the magnitude of the increase in the rate of erosion initiated by the grazing era 
reinforces the importance of the protective vegetation cover in maintaining the hillslope soil mantle. 
It appears likely that high vegetation productivity in the Snowy Mountains facilitates the persistence 
of hillslope soils not only by contributing to rapid soil production but also through the protective 
effects of dense surface cover and subsurface rootmass in slowing erosion. This implies that the 
alpine region is sensitive to changes in climate or land conditions that can alter vegetation cover and 
result in increased net sediment erosion.  Therefore, if cooling during the neoglacial was sufficient to 
reduce vegetation cover, even temporally (for example, vegetation composition is known to have 
changed during this period; Martin, 1999)then enhanced erosion (as previously discussed) seems 
likely. 
7. Soil development, erosion and sedimentation – Summary and 
implications 
The results of this study imply that the Snowy Mountains experience both rapid soil 
development rates and slow erosion rates by comparison to lowland sites. Maximum and minimum 
net soil development rates estimated by this study (20-220 t/km2/y) exceed the maximum and 
minimum estimates of the net soil loss which has occurred over the past 100 years (10-90 t/km2/y) 
(Fig. 5). This is consistent with the occurrence of widespread shallow alpine soils in the Snowy 




The 210Pbex erosion rates measured by this study are, however, substantially lower than the rates 
of soil loss recorded during the grazing era (mid 1800s-1949 CE), during which the opening up of the 
protective vegetation cover lead to soil losses of 460 ± 220 t/km2/y (Costin et al., 1960). This 
dichotomy demonstrates the importance of the dense vegetation cover to the persistence of the soil 
mantle on alpine hillslopes. Thus, currently, the rate of soil erosion in the Snowy Mountains appears 
to be outpaced by the processes of soil production. The minimum estimated date for the onset of 
the current soil production phase (2500 y cal. BP compared with the maximum estimated age of 7-
12 ka), however, would imply that soil production has exceeded erosion in only the late Holocene, 
and could imply that significant soil erosion occurred on hill slopes during the neo-glacial period.  
Under either scenario, the development rates estimated for the highly organic soils of the Snowy 
Mountains alpine area are high relative to those measured for lowland Australian soils (Heimsath et 
al., 2010; Stockmann et al., 2014). The Snowy Mountains rates are, however, comparable to 
production rates estimated for soil mantled hillslopes in several other alpine locations worldwide 
(Dixon et al., 2012; Egli et al., 2014). Rapid soil development in alpine areas has been attributed, 
previously, to the ready supply of fresh material in rapidly uplifting (eroding) areas and to the 
vegetation mediated enhancement of chemical weathering in high rainfall mountains (Larsen et al., 
2014; Riebe et al., 2004). For tectonically stable, moderate rainfall alpine areas such, as the Snowy 
Mountains, it is suggested that high productivity of alpine vegetation provides significant material 
inputs and inhibits soil removal and may facilitate both rapid soil development and low sediment 
transport rates.  
Acknowledgments:  
This research is funded by Snowy Hydro Ltd. and by an Australian Institute of Nuclear Science and 
Engineering Post Graduate Research Award and Engineering (AINSE) Post Graduate Research Award 
(PGRA No. 10085). We thank the staff of the Environmental Radioactivity Measurement Centre 




people at Snowy Hydro Ltd. who provided field work and logistics support. We also thank Bob 
Wasson and Ken Ferrier whose thoughtful comments improved this manuscript. 
References 
Barrows, T.T., Stone, J.O., Fifield, L.K., 2004. Exposure ages for Pleistocene periglacial deposits in 
Australia. Quaternary Science Reviews 23, 697-708. 
Barrows, T.T., Stone, J.O., Fifield, L.K., Cresswell, R.G., 2001. Late Pleistocene Glaciation of the 
Kosciuszko Massif, Snowy Mountains, Australia. Quaternary Research 55, 179-189. 
Barsch, D., Caine, N., 1984. The nature of mountain geomorphology. Mountain Research and 
Development 4, 287-298. 
Bishop, P., Goldrick, G., 2000. Geomorphological evolution of the east Australian continental margin, 
in: Summerfield, M. (Ed.), Geomorphology and Global Tectonics. John Wiley and Sons, 
Chichester, pp. 109-134. 
Blake, W.H., Wallbrink, P.J., Wilkinson, S.N., Humphreys, G.S., Doerr, S.H., Shakesby, R.A., Tomkins, 
K.M., 2009. Deriving hillslope sediment budgets in wildfire-affected forests using fallout 
radionuclide tracers. Geomorphology 104, 105-116. 
BOM, 2014. Climate Statistics Charlotte Pass. last updated: 21/6/14, accessed: 27/6/14, 
http://www.bom.gov.au/climate/averages/tables/cw_071003.shtml. 
Bowler, J.M., Hamada, T., 1971. Late Quaternary Stratigraphy and Radiocarbon Chronology of Water 
Level Fluctuations in Lake Keilambete, Victoria. Nature 232, 330-332. 
Brewer, R., Crook, K.A.W., Speight, J.G., 1970. Proposal for soil stratigraphic units in the Australian 
Stratigraphic Code. Journal of the Geological Society of Australia 17, 103-111. 
Brewer, R., Haldane, A., 1972. Some aspects of the genesis of an alpine humus soil. Australian 
Journal of Soil Research 11, 1-11. 
Bronk-Ramsey, C., 2009. Bayesian Analysis of Radiocarbon Dates. Radiocarbon 51, 337-360. 
Brown, J., Milner, F., 1988. Aspects of the meteorology and hydrology of the Australian Alps, in: 
Good, R. (Ed.), The Scientific Signficance of the Australian Alps. Australian Academy of 
Science, Canberra, p. 300. 
Brozović, N., Burbank, D.W., Meigs, A.J., 1997. Climatic limits on landscape development in the 
northwestern Himalaya. Science 276, 571-574. 
Brune, G.M., 1953. Trap efficiency of reservoirs. Eos, Transactions American Geophysical Union 34, 
407-418. 
Bryant, 1971. Deterioration of vegetation and erosion in the Guthega catchment area, Snowy 
Mountains. N.S.W Soil Conservation Journal 27, 62-82. 
Chappell, A., Hancock, G., Viscarra Rossel, R.A., Loughran, R., 2011a. Spatial uncertainty of the 137Cs 
reference inventory for Australian soil. Journal of Geophysical Research: Earth Surface 116, 
F04014. 
Chappell, A., Viscarra Rossel, R.A., Loughran, R., 2011b. Spatial uncertainty of 137Cs-derived net 
(1950s–1990) soil redistribution for Australia. Journal of Geophysical Research: Earth Surface 
116, F04015. 
Cohen, T.J., Nanson, G.C., 2007. Mind the gap: an absence of valley-fill deposits identifying the 
Holocene hypsithermal period of enhanced flow regime in southeastern Australia. The 
Holocene 17, 411-418. 
Costin, A.B., 1954. A study of the ecosystems of the Monaro region of New South Wales with special 
reference to soil erosion. Soil Conservation Service of New South Wales, Sydney. 
Costin, A.B., 1972. Carbon-14 dates from the Snowy Mountains area, southeastern Australia, and 




Costin, A.B., 1989. The Alps in a global perspective., in: Good, R. (Ed.), The Scientific Signficance of 
the Australian Alps. Australian Alps Liason Commitee, Canberra, pp. 7-20. 
Costin, A.B., Hallsworth, E.G., Woof, M., 1952. Studies in pedogenesis in New South Wales III. The 
alpine humus soils. Journal of Soil Science 3, 190-218. 
Costin, A.B., Wimbush, D.J., Kerr, D., 1960. Studies in catchment hydrology in the Australian Alps II 
Surface run-off and soil loss, Division of Plant Industries Technical Paper No. 14. CSIRO, 
Australia. 
de Vente, J., Poesen, J., Arabkhedri, M., Verstraeten, G., 2007. The sediment delivery problem 
revisited. Progress in Physical Geography 31, 155-178. 
Dedkov, A.P., Moszherin, V.I., 1992. Erosion and sediment yield in mountain regions of the world, 
pp. 29-36. 
Dixon, J.C., Thorn, C.E., 2005. Chemical weathering and landscape development in mid-latitude 
alpine environments. Geomorphology 67, 127-145. 
Dixon, J.L., Hartshorn, A.S., Heimsath, A.M., DiBiase, R.A., Whipple, K.X., 2012. Chemical weathering 
response to tectonic forcing: A soils perspective from the San Gabriel Mountains, California. 
Earth and Planetary Science Letters 323–324, 40-49. 
Dixon, L.J., Riebe, C.S., 2014. Tracing and pacing soil across slopes. Elements 10, 363-368. 
Dodson, J.R., De Salis, T., Myers, C.A., Sharp, A.J., 1994. A thousand years of environmental change 
and human impact in the alpine zone at Mt Kosciusko, New South Wales. Australian 
Geographer 25, 77-87. 
Egli, M., Dahms, D., Norton, K., 2014. Soil formation rates on silicate parent material in alpine 
environments: Different approaches–different results? Geoderma 213, 320-333. 
Elliott, G.L., 1997. A National Reconnaissance Survey of Soil Erosion of Australia, New South Wales. 
University of Newcastle, Newcastle, Australia. 
Elliott, G.L., Campbell, B.L., Loughran, R.J., 1990. Correlation of erosion measurements and soil 
caesium-137 content. International Journal of Radiation Applications and Instrumentation. 
Part A. Applied Radiation and Isotopes 41, 713-717. 
Fryirs, K., Brierley, G., 1998. The character and age structure of valley fills in upper Wolumla Creek 
catchment, south coast, New South Wales, Australia. Earth Surface Processes and Landforms 
23, 271-287. 
Galloway, R.W., 1965. Late Quaternary climates in Australia. The Journal of Geology 73, 603-618. 
Garcia-Orellana, J., Sanchez-Cabeza, J.A., Masqué, P., Àvila, A., Costa, E., Loÿe-Pilot, M.D., Bruach-
Menchén, J.M., 2006. Atmospheric fluxes of 210Pb to the western Mediterranean Sea and 
the Saharan dust influence. Journal of Geophysical Research: Atmospheres 111. 
Gliganic, L.A., Cohen, T.J., May, J.-H., Jansen, J.D., Nanson, G.C., Dosseto, A., Larsen, J.R., Aubert, M., 
2014. Late-Holocene climatic variability indicated by three natural archives in arid southern 
Australia. The Holocene 24, 104-117. 
Goh, K.M., Molloy, B.P.J., Rafter, T.A., 1977. Radiocarbon dating of quaternary loess deposits, Banks 
Peninsula, Canterbury, New Zealand. Quaternary Research 7, 177-196. 
Gouramanis, C., De Deckker, P., Switzer, A.D., Wilkins, D., 2013. Cross-continent comparison of high-
resolution Holocene climate records from southern Australia — Deciphering the impacts of 
far-field teleconnections. Earth-Science Reviews 121, 55-72. 
Green, K., Johnston, S.W., Good, R., Simpson, L., 2006. Alpine Grazing in the Snowy Mountains of 
Australia, Land Use Change and Mountain Biodiversity. CRC Press, pp. 211-223. 
Green, K., Pickering, C., 2009. Vegetation, microclimate and soils associated with the latest-lying 
snowpatches in Australia. Plant Ecology & Diversity 2, 289-300. 
Grover, S.P.P., Baldock, J.A., Jacobsen, G.E., 2012. Accumulation and attrition of peat soils in the 
Australian Alps: Isotopic dating evidence. Austral Ecology 37, 510-517. 
Heimsath, A.M., Chappell, J., Fifield, K., 2010. Eroding Australia: rates and processes from Bega 




Heimsath, A.M., Chappell, J., Spooner, N.A., Questiaux, D.G., 2002. Creeping soil. Geology 30, 111-
114. 
Heinemann, H.G., 1981. A new sediment trap efficiency curve for small reservoirs. JAWRA Journal of 
the American Water Resources Association 17, 825-830. 
Hewawasam, T., von Blanckenburg, F., Schaller, M., Kubik, P., 2003. Increase of human over natural 
erosion rates in tropical highlands constrained by cosmogenic nuclides. Geology 31, 597-600. 
Hodell, D.A., Kanfoush, S.L., Shemesh, A., Crosta, X., Charles, C.D., Guilderson, T.P., 2001. Abrupt 
cooling of Antarctic surface waters and sea ice expansion in the South Atlantic sector of the 
Southern Ocean at 5000 cal yr B.P. Quaternary Research 56, 191-198. 
Hogg, A.G., Hua, Q., Blackwell, P.G., Niu, M., Buck, C.E., Guilderson, T.P., Heaton, T.J., Palmer, J.G., 
Reimer, P.J., Reimer, R.W., Turney, C.S.M., Zimmerman, S.R.H., 2013. SHCal13 Southern 
Hemisphere Calibration, 0–50,000 Years cal BP. 
Hope, G., 2003. The mountain mires of southern New South Wales and the Australian Capital 
Territory: their history and future, in: Janet Mackay and Associates (Ed.), Proceedings of an 
International Years of Mountains Conference. Austraian Alps Liaison Committee, Jindabyne, 
pp. 67-79. 
Hope, G., Nanson, R., Flett, I., 2009. The peat-forming mires of the Australian Capital Territory. 
Territory and Municipal Services, Canberra. 
Irwin, F., Rogers, J., 1986. Above the tree line: How the High Country was rescued. Soil Conservation 
Service of NSW, Sydney. 
Johnston, S.W., 2001. The influence of aeolian dust deposits on alpine soils in south-eastern 
Australia. Australian Journal of Soil Research 39, 81-88. 
Kemp, J., Hope, G., 2014. Vegetation and environments since the Last Glacial Maximum in the 
Southern Tablelands, New South Wales. Journal of Quaternary Science 29, 778-788. 
Kemp, J., Rhodes, E.J., 2010. Episodic fluvial activity of inland rivers in southeastern Australia: 
Palaeochannel systems and terraces of the Lachlan River. Quaternary Science Reviews 29, 
732-752. 
Kershaw, A.P., 1995. Environmental change in Greater Australia. Antiquity 69, 656. 
Kershaw, A.P., McKenzie, G.M., Porch, N., Roberts, R.G., Brown, J., Heijnis, H., Orr, M.L., Jacobsen, 
G., Newall, P.R., 2007. A high-resolution record of vegetation and climate through the last 
glacial cycle from Caledonia Fen, southeastern highlands of Australia. Journal of Quaternary 
Science 22, 481-500. 
Kilian, R., Lamy, F., 2012. A review of Glacial and Holocene paleoclimate records from southernmost 
Patagonia (49-55°S). Quaternary Science Reviews 53, 1-23. 
Kirchner, G., 2013. Establishing reference inventories of 137Cs for soil erosion studies: 
Methodological aspects. Geoderma 211–212, 107-115. 
Kirchner, J.W., Finkel, R.C., Riebe, C.S., Granger, D.E., Clayton, J.L., King, J.G., Megahan, W.F., 2001. 
Mountain erosion over 10 yr, 10 k.y., and 10 m.y. time scales. Geology 29, 591-594. 
Kirkpatrick, J., 1994. The International Signficance of the Natural Values of the Australian Alps. 
Department of Geography and Environmental Studies, University of Tasmania, Hobart. 
Koppes, M.N., Montgomery, D.R., 2009. The relative efficacy of fluvial and glacial erosion over 
modern to orogenic timescales. Nature Geoscience 2, 644-647. 
Kristiansen, S.M., Dalsgaard, K., Holst, M.K., Aaby, B., Heinemeier, J., 2003. Dating of prehistoric 
burial mounds by (super 14) C analysis of soil organic matter fractions. Radiocarbon 45, 101-
112. 
Lamy, F., Hebbeln, D., Röhl, U., Wefer, G., 2001. Holocene rainfall variability in southern Chile: a 
marine record of latitudinal shifts of the Southern Westerlies. Earth and Planetary Science 
Letters 185, 369-382. 
Larsen, I.J., Almond, P.C., Eger, A., Stone, J.O., Montgomery, D.R., Malcolm, B., 2014. Rapid Soil 




Leavitt, S.W., Follett, R.F., Kimble, J.M., Pruessner, E.G., 2007. Radiocarbon and δ13C depth profiles 
of soil organic carbon in the U.S. Great Plains: A possible spatial record of paleoenvironment 
and paleovegetation. Quaternary International 162–163, 21-34. 
Lifton, N.A., Chase, C.G., 1992. Fractals in Geomorphology Tectonic, climatic and lithologic influences 
on landscape fractal dimension and hypsometry: implications for landscape evolution in the 
San Gabriel Mountains, California. Geomorphology 5, 77-114. 
Loughran, R.J., Campbell, B.L., Elliott, G.L., 1988. Determination of erosion and accretion rates using 
caesium-137. Fluvial geomorphology of Australia, 87-103. 
Loughran, R.J., Elliott, G.L., McFarlane, D.J., Campbell, B.L., 2004. A survey of soil erosion in Australia 
using caesium-137. Australian Geographical Studies 42, 221-233. 
Mabit, L., Benmansour, M., Walling, D.E., 2008. Comparative advantages and limitations of the 
fallout radionuclides 137Cs, 210Pbex and 7Be for assessing soil erosion and sedimentation. 
Journal of Environmental Radioactivity 99, 1799-1807. 
Mabit, L., Klik, A., Benmansour, M., Toloza, A., Geisler, A., Gerstmann, U.C., 2009. Assessment of 
erosion and deposition rates within an Austrian agricultural watershed by combining 137Cs, 
210Pbex and conventional measurements. Geoderma 150, 231-239. 
Markgraf, V., Dodson, J.R., Kershaw, A.P., McGlone, M.S., Nicholls, N., 1992. Evolution of late 
Pleistocene and Holocene climates in the circum-south Pacific land areas. Climate Dynamics 
6, 193-211. 
Martin, A.R.H., 1986. Late glacial and holocene alpine pollen diagrams from the Kosciusko National 
Park, New South Wales, Australia. Review of Palaeobotany and Palynology 47, 367-409. 
Martin, A.R.H., 1999. Pollen analysis of Diggers's Creek Bog, Kosciuszko National Park: vegetation 
history and tree-line change. Australian Journal of Botany 47, 725-744. 
Martinez, C., Hancock, G.R., Kalma, J.D., 2009. Comparison of fallout radionuclide (caesium-137) and 
modelling approaches for the assessment of soil erosion rates for an uncultivated site in 
south-eastern Australia. Geoderma 151, 128-140. 
Marx, S.K., Kamber, B.S., McGowan, H., A.,, Denholm, J., 2011. Holocene dust deposition rates in 
Australia’s Murray-Darling Basin record the interplay between aridity and the position of the 
mid-latitude westerlies. Quaternary Science Reviews 30, 3290-3305. 
Marx, S.K., Kamber, B.S., McGowan, H.A., 2005. Estimates of Australian dust flux into New Zealand: 
Quantifying the eastern Australian dust plume pathway using trace element calibrated 210Pb 
as a monitor. Earth and Planetary Science Letters 239, 336-351. 
Marx, S.K., McGowan, H.A., Kamber, B.S., 2009. Long-range dust transport from eastern Australia: a 
proxy for Holocene aridity and ENSO-induced climate variability. Earth and Planetary Science 
Letters 282, 167-177. 
Masson-Delmotte, V., Stenni, B., Jouzel, J., 2004. Common millennial-scale variability of Antarctic 
and Southern Ocean temperatures during the past 5000 years reconstructed from the EPICA 
Dome C ice core. The Holocene 14, 145-151. 
McKenzie, G.M., 1997. The late Quaternary vegetation history of the south-central highlands of 
Victoria, Australia. I. Sites above 900 m. Australian Journal of Ecology 22, 19-36. 
McKenzie, N., Jacquier, D., Isbell, R., Brown, K., 2004. Australian soils and landscapes: An illustrated 
compendium. CSIRO, Collingwood. 
Milliman, J.D., Farnsworth, K.L., 2011. River Discharge to the Coastal Ocean : A Global Synthesis. 
Cambridge University Press, Cambridge. 
Milliman, J.D., Syvitski, J.P.M., 1992. Geomorphic/Tectonic Control of Sediment Discharge to the 
Ocean: The Importance of Small Mountainous Rivers. The Journal of Geology 100, 525-544. 
Mitchell, S.G., Montgomery, D.R., 2006. Influence of a glacial buzzsaw on the height and morphology 
of the Cascade Range in central Washington State, USA. Quaternary Research 65, 96-107. 
Mooney, S.D., Watson, J.R., Dodson, J.R., 1997. Late holocene environmental change in an upper 





Moros, M., De Deckker, P., Jansen, E., Perner, K., Telford, R.J., 2009. Holocene climate variability in 
the Southern Ocean recorded in a deep-sea sediment core off South Australia. Quaternary 
Science Reviews 28, 1932-1940. 
Neil, D.T., 1991. Land use and sediment yield on the Southern Tablelands of New South Wales. 
Australian Journal of Soil and Water Conservation 4, 33-39. 
Nicholls, N., 2005. Climate variability, climate change and the Australian snow season. Australian 
Meteorological Magazine 54, 177-185. 
Norton, K.P., von Blanckenburg, F., 2010. Silicate weathering of soil-mantled slopes in an active 
Alpine landscape. Geochimica et Cosmochimica Acta 74, 5243-5258. 
Ogden, R., Spooner, N., Reid, M., Head, J., 2001. Sediment dates with implications for the age of the 
conversion from palaeochannel to modern fluvial activity on the Murray River and 
tributaries. Quaternary International 83-85, 195-209. 
Owens, P.N., Walling, D.E., 1996. Spatial variability of caesium-137 inventories at reference sites: an 
example from two contrasting sites in England and Zimbabwe. Applied Radiation and 
Isotopes 47, 699-707. 
Page, K.J., Kemp, J., Nanson, G.C., 2009. Late Quaternary evolution of Riverine Plain paleochannels, 
southeastern Australia. Australian Journal of Earth Sciences 56, S19-S33. 
Page, K.J., Nanson, G.C., 1996. Stratigraphic architecture resulting from Late Quaternary evolution of 
the Riverine Plain, south-eastern Australia. Sedimentology 43, 927-945. 
Page, K.J., Nanson, G.C., Price, D.M., 1991. Thermoluminescence chronology of late quaternary 
deposition on the riverine plain of South‐Eastern Australia. Australian Geographer 22, 14-
23. 
Pels, S., 1969. Radio-carbon datings of ancestral river sediments on the Riverine Plain of 
southeastern Australia and their interpretation. Journal and Proceedings, Royal Society of 
New South Wales 102, 189-195. 
Peltier, L.C., 1950. The Geographic Cycle in Periglacial Regions as it is Related to Climatic 
Geomorphology. Annals of the Association of American Geographers 40, 214-236. 
Pennock, D.J., Appleby, P.G., 2003. Site Selection and Sampling Design, in: Zapata, F. (Ed.), Handbook 
for the Assessment of Soil Erosion and Sedimentation Using Environmental Radionuclides. 
Springer Netherlands, pp. 15-40. 
Pessenda, L., Gouveia, S., Aravena, R., 2001. Radiocarbon dating of total soil organic matter and soil 
humin fraction and its comparision with C-14 ages of fossil charcoal. Radiocarbon 43, 595-
601. 
Petherick, L., Bostock, H., Cohen, T.J., Fitzsimmons, K., Tibby, J., Fletcher, M.S., Moss, P., Reeves, J., 
Mooney, S., Barrows, T., Kemp, J., Jansen, J., Nanson, G., Dosseto, A., 2013. Climatic records 
over the past 30 ka from temperate Australia – a synthesis from the Oz-INTIMATE 
workgroup. Quaternary Science Reviews 74, 58-77. 
Pfitzner, J., Brunskill, G., Zagorskis, I., 2004. 137Cs and excess 210Pb deposition patterns in estuarine 
and marine sediment in the central region of the Great Barrier Reef Lagoon, north-eastern 
Australia. Journal of Environmental Radioactivity 76, 81-102. 
Porter, S.C., 2000. Onset of neoglaciation in the Southern Hemisphere Quaternary Science Reviews 
15, 395. 
Porto, P., Walling, D.E., Callegari, G., Capra, A., 2009. Using caesium-137 and unsupported lead-210 
measurements to explore the relationship between sediment mobilisation, sediment 
delivery and sediment yield for a Calabrian catchment. Marine and Freshwater Research 60, 
680-689. 
Preiss, N., Mélières, M.-A., Pourchet, M., 1996. A compilation of data on lead 210 concentration in 
surface air and fluxes at the air-surface and water-sediment interfaces. Journal of 




Reinfelds, I., Swanson, E., Cohen, T., Larsen, J., Nolan, A., 2014. Hydrospatial assessment of 
streamflow yields and effects of climate change: Snowy Mountains, Australia. Journal of 
Hydrology 512, 206-220. 
Riebe, C.S., Kirchner, J.W., Finkel, R.C., 2004. Erosional and climatic effects on long-term chemical 
weathering rates in granitic landscapes spanning diverse climate regimes. Earth and 
Planetary Science Letters 224, 547-562. 
Ritchie, J.C., McHenry, J.R., 1975. Fallout Cs-137: a tool in conservation research. Journal of Soil and 
Water Conservation 30, 283-286. 
Ritchie, J.C., McHenry, J.R., 1990. Application of radioactive fallout cesium-137 for measuring soil 
erosion and sediment accumulation rates and patterns: a review. Journal of Environmental 
Quality 19, 215-233. 
Scharpenseel, H., Becker-Heidmann, P., 1992. Twenty-five years of radiocarbon dating soils: a 
paradigm of erring and learning. Radiocarbon 34541-549, 238. 
Schmidt, R., Koinig, K.A., Thompson, R., Kamenik, C., 2002. A multi proxy core study of the last 7000 
years of climate and alpine land-use impacts on an Austrian mountain lake (Unterer 
Landschitzsee, Niedere Tauern). Palaeogeography, Palaeoclimatology, Palaeoecology 187, 
101-120. 
Schuller, P., Voigt, G., Handl, J., Ellies, A., Oliva, L., 2002. Global weapons' fallout 137Cs in soils and 
transfer to vegetation in south-central Chile. Journal of Environmental Radioactivity 62, 181-
193. 
Shakhashiro, A., Mabit, L., 2009. Results of an IAEA inter-comparison exercise to assess 137Cs and 
total 210Pb analytical performance in soil. Applied Radiation and Isotopes 67, 139-146. 
Shulmeister, J., Goodwin, I., Renwick, J.A., Harle, K., Armand, L., McGlone, M.S., Cook, E., Dodson, J., 
Hesse, P.P., Mayewski, P., Curran, M., 2004. The Southern Hemisphere westerlies in the 
Australasian sector over the last glacial cycle: a synthesis. Quaternary International 118-119, 
23-53. 
Simms, A.D., Woodroffe, C., Jones, B.G., Heijnis, H., Harrison, J., Mann, R.A., 2008. Assessing soil 
remobilisation in catchments using a 137 Cs-sediment hillslope model. Australian 
Geographer 39, 445-465. 
Stanley, S., De Deckker, P., 2002. A Holocene record of allochthonous, aeolian mineral grains in an 
Australian alpine lake; implications for the history of climate change in southeastern 
Australia. Journal of Paleolimnology 27, 207-219. 
Stansell, N.D., Rodbell, D.T., Abbott, M.B., Mark, B.G., 2013. Proglacial lake sediment records of 
Holocene climate change in the western Cordillera of Peru. Quaternary Science Reviews 70, 
1-14. 
Stockmann, U., Minasny, B., McBratney, A.B., 2014. How fast does soil grow? Geoderma 216, 48-61. 
Stromsoe, N., Callow, J.N., McGowan, H.A., Marx, S.K., 2013. Attribution of sources to metal 
accumulation in an alpine tarn, the Snowy Mountains, Australia. Environmental Pollution 
181, 133-143. 
Stromsoe, N., Marx, S.K., McGowan, H.A., Callow, N., Heijnis, H., Zawadzki, A., 2015. A landscape-
scale approach to examining the fate of atmospherically derived industrial metals in the 
surficial environment. Science of The Total Environment 505, 962-980. 
Strother, S.L., Salzmann, U., Roberts, S.J., Hodgson, D.A., Woodward, J., Van Nieuwenhuyze, W., 
Verleyen, E., Vyverman, W., Moreton, S.G., 2014. Changes in Holocene climate and the 
intensity of Southern Hemisphere Westerly Winds based on a high-resolution palynological 
record from sub-Antarctic South Georgia. The Holocene. 
Suresh, P.O., Dosseto, A., Hesse, P.P., Handley, H.K., 2013. Soil formation rates determined from 
Uranium-series isotope disequilibria in soil profiles from the southeastern Australian 
highlands. Earth and Planetary Science Letters 379, 26-37. 
Sutherland, R.A., de Jong, E., 1990. Statistical analysis of gamma-emitting radionuclide 




Syvitski, J.P.M., Milliman, J.D., 2007. Geology, Geography, and Humans Battle for Dominance over 
the Delivery of Fluvial Sediment to the Coastal Ocean. The Journal of Geology 115, 1-19. 
Theobald, A., McGowan, H., Speirs, J., Callow, N., 2015. A synoptic classification of inflow-generating 
precipitation in the Snowy Mountains, Australia. Journal of Applied Meteorology and 
Climatology. 
Tomkins, K.M., Humphreys, G.S., Wilkinson, M.T., Fink, D., Hesse, P.P., Doerr, S.H., Shakesby, R.A., 
Wallbrink, P.J., Blake, W.H., 2007. Contemporary versus long-term denudation along a 
passive plate margin: the role of extreme events. Earth Surface Processes and Landforms 32, 
1013-1031. 
UNSCEAR, 2000. Annex C: Exposures from man-made sources of radiation, Sources and Effects of 
Ionizing Radiation, Volume 1: Sources. United Nations Scientific Committee on the Effects of 
Atomic Radiation, New York. 
Vanmaercke, M., Poesen, J., Verstraeten, G., de Vente, J., Ocakoglu, F., 2011. Sediment yield in 
Europe: Spatial patterns and scale dependency. Geomorphology 130, 142-161. 
Wallbrink, P.J., Murray, A.S., 1996. Determining soil loss using the inventory ratio of excess lead-210 
to cesium-137. Soil Science Society of America Journal 60, 1201. 
Walling, D.E., Collins, A.L., Sichingabula, H.M., 2003. Using unsupported lead-210 measurements to 
investigate soil erosion and sediment delivery in a small Zambian catchment. 
Geomorphology 52, 193-213. 
Walling, D.E., He, Q., 1999. Improved Models for Estimating Soil Erosion Rates from Cesium-137 
Measurements. Journal of Environmental Quality 28. 
Walling, D.E., Webb, B., 1996. Erosion and sediment yield: a global overview. Erosion and Sediment 
Yield: Global and Regional Perspectives (Proceedings of the Exeter Symposium, July 1996) 
IAHS Publ. no 236, 3-19. 
Walling, D.E., Zhang, Y., He, Q., 2007. Models for Converting Measurements of Environmental 
Radionuclide Inventories (137Cs, Excess 210Pb and 7Be to Estimates of Soil Erosion and 
Deposition Rates (Including Software for Model Implementation). Department of Geography, 
University of Exeter, Exeter. 
Wang, Y., Amundson, R., Trumbore, S., 1996. Radiocarbon Dating of Soil Organic Matter. Quaternary 
Research 45, 282-288. 
Wang, Z., Zhao, H., Dong, G., Zhou, A., Liu, J., Zhang, D., 2014. Reliability of radiocarbon dating on 
various fractions of loess-soil sequence for Dadiwan section in the western Chinese Loess 
Plateau. Frontiers of Earth Science 8, 540-546. 
Wanner, H., Beer, J., Bütikofer, J., Crowley, T.J., Cubasch, U., Flückiger, J., Goosse, H., Grosjean, M., 
Joos, F., Kaplan, J.O., Küttel, M., Müller, S.A., Prentice, I.C., Solomina, O., Stocker, T.F., 
Tarasov, P., Wagner, M., Widmann, M., 2008. Mid- to Late Holocene climate change: an 
overview. Quaternary Science Reviews 27, 1791-1828. 
Wasson, R.J., Olive, L.J., Rosewell, C.J., 1996. Rates of erosion and sediment transport in Australia. 
Erosion and Sediment Yield: Global and Regional Perspectives (Proceedings of the Exeter 
Symposium, July 1996) IAHS Publ. no. 236, 139-148. 
Whetton, P., Haylock, M., Galloway, R., 1996. Climate change and snow-cover duration in the 
Australian Alps. Climatic Change 32, 447-479. 
Wilkins, D., Gouramanis, C., De Deckker, P., Fifield, L.K., Olley, J., 2013. Holocene lake-level 
fluctuations in Lakes Keilambete and Gnotuk, southwestern Victoria, Australia. The Holocene 
23, 784-795. 
Wilkinson, M.T., Chappell, J., Humphreys, G.S., Fifield, K., Smith, B., Hesse, P., 2005. Soil production 
in heath and forest, Blue Mountains, Australia: influence of lithology and palaeoclimate. 
Earth Surface Processes and Landforms 30, 923-934. 
Williams, M., Cook, E., van der Kaars, S., Barrows, T., Shulmeister, J., Kershaw, P., 2009. Glacial and 




ago reconstructed from terrestrial and near-shore proxy data. Quaternary Science Reviews 
28, 2398-2419. 
Young, R., McDougall, I., 1993. Long-Term Landscape Evolution: Early Miocene and Modern Rivers in 
Southern New South Wales, Australia. The Journal of Geology 101, 35-49. 
Zhang, X.C., Zhang, G.H., Wei, X., 2015. How to make 137Cs erosion estimation more useful: An 
uncertainty perspective. Geoderma 239–240, 186-194. 
Zhang, X.C.J., 2014. New insights into using fallout radionuclides to estimate soil redistribution rates. 


















Fig. 2. Radiocarbon soil ages vs depth for soil pits at Guthega Hill: A) ridge-crest, B) mid-










Fig. 3. Vertical distribution of (A)137Cs and (B) 210Pbex in Snowy Mountains soil. Plots 











Fig. 4. Radionuclide inventories for reference and hillslope at Guthega A) 137Cs, B) 210Pbex 










Fig. 5. Soil development and erosion rates estimated in this study comparedwith previous 
studies undertaken during the era of grazing induced erosion (catchment survey data 
from Bryant, 1971, erosion plot data from Costin et al., 1960, stream gauging data from 














Table 2. Radiocarbon ages for hillslope soils 
Lab code Profile Depth (mm) Conventional Radiocarbon Age Errora Age years BP (calibrated)  Errorc 
Wk-39223 ridge-crest 0-100 




Wk-39224 ridge-crest 100-200 918 ± 30 880 ± 65 
Wk-39225 ridge-crest 200-400 1790 ± 25 1650 ± 70 
Wk-39226 ridge-crest 400-500 2392 ± 26 2400 ±  90 
Wk-39228 mid-slope 0-150 268 ± 25 295 ±  25 
Wk-39229 mid-slope 150-300 1234.00 ± 25 1120 ± 70 
Wk-39230 mid-slope 300-500 1905.00 ± 25 1800 ± 80 
Wk-39231 mid-slope 500-600 2584.00 ± 29 2625 
±  
135 
Wk-39233 toe-slope 0-150 222.00 ± 25 185 ±  45 
Wk-39234 toe-slope 150-300 2251.00 ± 25 2235 ±  85 
a
 1 sigma standard deviation due to counting statistics multiplied by experimentally determined laboratory error multiplier 
b 




C = 104.5%)  and was calibrated using
  
CALIBomb and the SHZ1-2 curve 
extension and the shcal 13 calibration dataset. 
c 









Table 3. Descriptive statistics for radionuclide inventories at Guthega and Cootapatamba 
          
Site   Method   Site type   Range   Mean   SE 
95% confidence limit 
of the mean 
  Median   1/2 IQR   
 95% confidence limit 











































































































































    Hill slope   2455-17385   6967   1002 1965   5002   8932   2378   3831   9297 
#Reference site refers to the non-eroding  site with which the hill slope sites are compared.  









Table 4. Statisical tests for differences in distribution, mean and median between reference and hillslope radionuclide inventories for 137Cs and 210Pbex 










Hillslope and reference 





Hillslope and reference 
inventories are signficantly 
different (Y/N) 































































     C
1   ISKST3   0.876   N   0.925   N 
 A#= the mean inventory at the hillslope is the same as would be expected due to fallout and natural variability alone 
 B*= the median inventory at the hillslope is the same as would be expected due to fallout and natural variability alone 
 C1= the distribution of the hillslope inventory is the same as would be expected due to natural variability alone 
   ISMT2 = independent samples median test 
         ISKST3 = independent samples Kolmogorov Smirmov test 
       
               
 
 
 
